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SUMMARY 
This report is one in a series of seven reports by the 
Astro Sciences Center of I I T  Research Institute on a study of 
periodic comet apparitions suitable for intercept missions. 
The major objectives are to show the best way in which deep 
space missions to comets can complement and significantly add 
to the present understanding of comets and to outline the mission 
profiles for those cometary intercept missions which are con- 
sidered worthwhile. 
Cometary measurements from a spacecraft can provide new 
data on the nuclei of comets and on the composition, spatial den- 
sities and forces interacting with the gases and particles in 
the coma and tail. 
interpretation of Earth-based measurements on comets, particu- 
larly the spectroscopic data. 
tant will be the observation of the comet nucleus. No direct 
data has been obtained from the Earth on comet nuclei, princi- 
pally because they are too small (approximately a few km diameter) 
and in only about 20 cases has a nucleus even been detected as 
a separate entity. 
They should also be used to confirm the 
Of these perhaps the most impor- 
Comet intercept missions can add considerably to the 
study of comets, but there is still much to be accomplished by 
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E a r t h  and n e a r  Ea r th  obse rva t ions ,  by l a b o r a t o r y  s t u d i e s  and by 
a r t i f i c i a l  comet experiments .  
phase o f  t h e  miss ions  d i scussed ,  s t r o n g  suppor t  should  be pro- 
v i d e d  by Earth-based observa t ions  t o  provide  d a t a  which can be 
c o r r e l a t e d  w i t h  measurements from t h e  s p a c e c r a f t .  
Three b a s i c  exper imenta l  payloads f o r  comet i n t e r c e p t  
Ce r t a in ly  du r ing  t h e  i n t e r c e p t  
miss ions  have been cons ide red .  It  should be borne i n  mind how- 
ever t h a t  u l t i m a t e l y  each  cometary a p p a r i t i o n  should  be s t u d i e d  
on an i n d i v i d u a l  b a s i s .  The types o f  i n s t rumen t s  cons ide red  
are plasma probes ,  magnetometers, spec t rophotometers ,  mass 
spec t romete r s ,  micrometeoroid d e t e c t o r s  and t e l e v i s i o n .  Payload 
1 c o n t a i n s  p a r t i c l e s  and f i e l d s  experiments  which would be used 
i n  an e x p l o r a t o r y  f a sh ion  t o  provide background informat ion  on 
which t o  base t h e  s p e c i f i c a t i o n s  f o r  t h e  more complete payloads.  
Payload 2 c o n t a i n s  t h e  experiments f o r  a n  i n t e r c e p t  miss ion  
where t h e  s p a c e c r a f t  v e l o c i t y  i s  reduced t o  match t h e  v e l o c i t y  
o f  t h e  comet. Payload 3 con ta ins  f u l l  complement o f  i n s t r u -  
ments and has  no r e s t r i c t i o n s  on t h e  d a t a  t o  be t r a n s m i t t e d .  
It i s  assumed t h a t  d a t a  w i l l  be t r a n s m i t t e d  f o r  a p e r i o d  o f  8 
hours  p e r  day du r ing  i n t e r p l a n e t a r y  f l i g h t  and f o r  24 hours  p e r  
day a t  i n t e r c e p t .  
The s e l e c t i o n  o f  comets f o r  i n t e r c e p t  mi s s ions  has been 
made by means of  t h e  fo l lowing  c r i t e r i a .  The i n i t i a l  l i s t  of 
p o s s i b l e  comets c o n s i s t e d  o f  those p e r i o d i c  comets which have 
been observed a t  l ea s t  tw ice  r e c e n t l y  and which w i l l  have a 
p e r i h e l i o n  passage b e f o r e  Ha l l ey ' s  comet i n  1986. The r e q u i r e -  
ment f o r  two r e c e n t l y  observed a p p a r i t i o n s  g i v e s  some as su rance  
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t h a t  t h e  o r b i t a l  elements a r e  w e l l  enough known f o r  p e r t u r b a t i o n  
c a l c u l a t i o n s  t o  be a b l e  t o  p r e d i c t  f u t u r e  r e t u r n s  of t h e  comets. 
However t o  a l low f o r  e r r o r s  i n  the p r e d i c t i o n  of f u t u r e  p o s i t i o n s  
of  t h e  comets a s t i p u l a t i o n  has  been inc luded  t h a t ,  except  i n  
rare cases  of v e r y  w e l l  known comets, t h e  comet t o  be i n t e r c e p t e d  
s h a l l  be observed a t  least  two months before  t h e  launch of t h e  
s p a c e c r a f t .  The f i r s t  s i g h t i n g  on each passage of a comet 
( recovery)  can only be achieved i f  i t  i s  b r i g h t e r  than magnitude 
20 and w i l l  be v i s i b l e  i n  a dark sky f o r  a per iod  of two hours  
o r  more. A f u r t h e r  requirement  i s  t h a t  t h e  comet should be 
v i s i b l e  from t h e  Ea r th  during the i n t e r c e p t  phase and be a s  
b r i g h t  a s  magnitude 1 3  so  t h a t  spec t roscopic  da t a  can be ob- 
t a i n e d  from t h e  E a r t h  and c o r r e l a t e d  w i t h  s p a c e c r a f t  d a t a .  
A number of mission c o n s t r a i n t s  have been cons idered  i n  
compil ing t h e  mission c h a r a c t e r i s t i c s  and t h e  payloads.  O f  t h e  
f u n c t i o n a l  c o n s t r a i n t s ,  t h e  most important  one appears  t o  be 
guidance and c o n t r o l .  P e r i o d i c  comets s u f f e r  p e r t u r b a t i o n s  on 
every o r b i t ,  but  are only v i s ib l e  f o r  about  10 pe rcen t  of t h e i r  
o r b i t ,  t hus  t h e i r  p o s i t i o n s  i n  space are never  known a c c u r a t e l y .  
The d i f f i c u l t y  of  l o c a t i n g  and recogniz ing  f a i n t ,  d i f f u s e  
o b j e c t s  w i t h  on-board comet seekers  and the  g e n e r a l l y  h igh  
approach v e l o c i t i e s  (of  o rde r  20 km/sec) complicate  s p a c e c r a f t  
guidance f o r  t h e s e  missions.  In  o r d e r  t o  achieve good viewing 
of t h e  nucleus a sma l l  m i s s  d i s t a n c e  of t h e  o rde r  of 1000 km 
would be d e s i r a b l e .  Of t h e  experimental  c o n s t r a i n t s ,  determin-  
a t i o n  of  t h e  c o r r e c t  instrument  s e n s i t i v i t i e s  appears  t o  be t h e  
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d e n s i t i e s  o f  cometary materials i s  no t  ader-date f o r  t h e  d e t a i l e d  
d e s c r i p t i o n  of  t h e  in s t rumen t s .  This  i s  p a r t i c t l a r l y  t r u e  of 
s h o r t  p e r i o d  comets which are  g e n e r a l l y  f a i n t  and i n a c t i v e  and 
f o r  which, i n  most cases, no spec t roscop ic  d a t a  i s  a v a i l a b l e .  
Assessment o f  t h e  hazard  caused by d u s t  p a r t i c l e s  appears  a s  
t h e  g r e a t e s t  environmental  c o n s t r a i n t .  More knowledge about  
t h e  numbers, mass and c o n s t r u c t i o n  of  cometary d u s t  p a r t i c l e s  
i s  r e q u i r e d  t o  assess t h e  s h i e l d i n g  f o r  t h e  s p a c e c r a f t .  
P r e s e n t  knowledge of  t h e  c o n s t i t u t i o n  and 
The seven i n t e r c e p t  missions t o  t h e  f ive  s e l e c t e d  
comets which are  desc r ibed  i n  t h e  r e p o r t  a r e  summarized i n  t h e  
t a b l e  a t  t h e  end of  t h i s  summary. 
1967 i s  b a s i c a l l y  e x p l o r a t o r y  and uses  t h e  smallest  payload 
cons ide red .  
s h o r t  p e r i o d  comets and t h e  1974 a p p a r i t i o n  i s  t h e  b e s t ,  f o r  
Encke, i n  t h e  nex t  25 y e a r s .  Two miss ions  have been inc luded ,  
one w i t h  a long f l i g h t  t i m e  and a r e l a t i v e l y  low i d e a l  v e l o c i t y  
and c a r r y i n g  t h e  u n r e s t r i c t e d  payload. The - A ~ ~ - -  launch re- 
q u i r e s  a h ighe r  i d e a l  ve:-ocity and invo lves  a l a r g e r  approach 
v e l o c i t y .  The same u n r e s t r i c t e d  exper imenta l  payload i s  used 
b u t  t h e  h e a v i e r  t o t a l  payload r e q u i r e s  a larger  launch v e h i c l e .  
The miss ion  t o  Tempe1 2 i n  
Comet Encke i s  probably t h e  b e s t  known o f  t h e  
The miss ion  t o  D ' A r r e s t  i n  1976 i s  probably  t h e  most 
a t t r a c t i v e  of  t h e  miss ions  and t h e  full u n r e s t r i c t e d  payload 
has  been inc luded  w i t h  an Atlas-Agena launch v e h i c l e .  I n  
1983 comet Kopff o f f e r s  t h e  only r easonab le  o p p o r t u n i t y  t o  
match t h e  s p a c e c r a f t  v e l o c i t y  to  t h a t  o f  t h e  comet. The 
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approach v e l o c i t y  i s  8 km/sec and i s  t h e  lowest of a l l  those  
cons idered  o r  s e l e c t e d .  Two missions have been inc luded  f o r  
Kopff. 
load i n  a f ly-by mission without  matching v e l o c i t i e s .  
Centaur  launch v e h i c l e  i s  adequate f o r  t h i s .  
m i s s i c  a t h e  experimental  payload c o n t a i n s  a l a r g e r  t e l e v i s i o n  
c a p a c i t y  because of  t h e  v e l o c i t y  matching. 
added weight  of t e rmina l  propuls ion  r e q u i r e s  a Sa turn  1B-  
Centaur launch v e h i c l e .  I n  genera l  i t  appears  t h a t  modes of  
f l i g h t  o t h e r  than d i r e c t  w i l l  be r e q u i r e d  t o  e f f e c t  v e l o c i t y  
matching w i t h  comets. 
maneuvers o r  t h r u s t e d  t r a j e c t o r i e s .  
has been inc luded  d e s p i t e  t h e  immense approach v e l o c i t y  of  
69 km/sec. 
a t  i t s  l a s t  a p p a r i t i o n  i n  1910 and i t  i s  f e l t  t h a t  i t  i s  worth 
compounding t h i s  wi th  a c l o s e  fly-2y mission.  
The f i r s t  u s e s  t h e  f u l l  u n r e s t r i c t e d  experimental  pay- 
An At l a s -  
For t h e  second 
I n  t h i s  ca se  t h e  
Obvious p o s s i b i l i t i e s  a r e  g r a v i t y  ass is t  
F i n a l l y ,  H a l l e y ' s  comet 
A g r e a t  d e a l  of  da ta  was obta ined  on H a l l e y ' s  comet 
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Report M-7 
A SURVEY OF COMET MISSIONS 
1. INTRODUCTION 
Appar i t i ons  o f  comets have been recorded  as fa r  back 
as 467 B.C. b u t  i t  i s  on ly  comparat ively r e c e n t l y  t h a t  t hey  
have been even p a r t i a l l y  understood. 
n i z e d  as solar  system o b j e c t s  i n  1577 b u t  it w a s  n o t  u n t i l  
1705 t h a t  H a l l e y  f irst  de r ived  a comet o r b i t  and p r e d i c t e d  t h e  
r e t u r n  of t h e  comet. S ince  then a g r e a t  d e a l  of o r b i t a l  d a t a  
have been o b t a i n e d ,  some of  admi t t ed ly  dubious accuracy .  The 
s t a n d a r d  c a t a l o g u e s  o f  comet o r b i t s  are those  o f  G a l l e  ( 1 8 9 4 ) ,  
Crommelin (1925, 1932) ,  and, most r e c e n t l y ,  P o r t e r  (1961). 
C o m e t s  were f i r s t  recog- 
There are t h r e e  b a s i c  groups o f  comets c l a s s i f i e d  on 
t h e  b a s i s  of t h e i r  o r b i t s .  There are "new" comets which have 
almost p a r a b o l i c  o r b i t s .  Bright  new comets are  d i scove red  a t  
a rate of  a b o u t  fou r  a yea r  and due t o  t h e i r  s i z e ,  b r i g h t n e s s ,  
and g e n e r a l l y  h i g h  level of a c t i v i t y ,  have c o n t r i b u t e d  most t o  
t h e  p r e s e n t  cometary knowledge. A second group c o n s i s t s  o f  
long p e r i o d  comets ( g r e a t e r  than 100 y e a r s  per5od) .  I n  t h e  
p a s t  l i t t l e  v a l u e  has  been der ived  from t h e i r  r e p e t i t i v e n e s s  
because of r e l a t i v e l y  inaccura t e  o r b i t  and p e r t u r b a t i o n  
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de te rmina t ions .  However from an o b s e r v a t i o n a l  p o i n t  o f  view 
they  w i l l  i n c r e a s e  i n  importance because they  are  o f t e n  b r i g h t ,  
active comets and w i l l  provide the  oppor tun i ty  t o  observe  on 
succeeding a p p a r i t i o n s  t h e  e f f e c t s  of  long exposures  t o  t h e  
environment of t h e  o u t e r  s o l a r  system. The t h i r d  group are 
p e r i o d i c  comets of  s h o r t  pe r iod  (mean pe r iod  4 7  y e a r s )  whose 
o r b i t s  are s t r o n g l y  inf luenced  by t h e  p l a n e t s ,  p a r t i c u l a r l y  
J u p i t e r .  I n  g e n e r a l ,  s h o r t  per iod  comets are f a i n t ,  i n a c t i v e  
and i n  no sense  as s p e c t a c u l a r  as  new o r  long p e r i o d  comets. 
However because o f  t h e  f requent  passes  of s h o r t  p e r i o d  comets 
t h e i r  o r b i t s  can be determined f a i r l y  a c c u r a t e l y  and t h e i r  
f u t u r e  r e t u r n s  p r e d i c t e d .  Thus i t  i s  t o  t h i s  l a t t e r  group t h a t  
most comet i n t e r c e p t  miss ions  w i l l  be d i r e c t e d .  
The major o b j e c t i v e s  of t h i s  r e p o r t  are t o  show t h e  
b e s t  way i n  which miss ions  t o  comets can complement and s i g -  
n i f i c a n t l y  add t o  t h e  p r e s e n t  understanding o f  comets and, t o  
o u t l i n e  t h e  miss ion  p r o f i l e s  f o r  t hose  cometary i n t e r c e p t  
mi s s ions  which are cons idered  worthwhile. Some c o n s i d e r a t i o n  
has  t h e r e f o r e  been g iven  t o  t h e  p a r t s  which can be p layed  by 
f u r t h e r  obse rva t ions  of  comets from t h e  E a r t h ,  by t h e  l a b o r a t o r y  
s t u d y  o f  s imula ted  cometary phenomena and by t h e  use  o f  man- 
made a r t i f i c i a l  comets launched i n t o  o r b i t  around and observed 
from t h e  Ear th .  
The second s e c t i o n  o f  t he  r e p o r t  i s  used t o  o u t l i n e  
t h e  areas of  p r e s e n t  understanding of t h e  phys ic s  of comets. 
S e c t i o n  3 shows how t h e  major problem areas could  be i n v e s t i g a t e d  
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through a combination of Earth-based s tudy  and comet miss ions .  
The remaining s e c t i o n s  of  t h e  r e p o r t  show t h e  development of  
t h e  miss ion  p r o f i l e s  f o r  t h e  suggested missions which are 
summarized i n  Sec t ion  7. 
2. THE SCIENTIFIC OBJECTIVES OF COMETARY STUDY 
The u l t i m a t e  o b j e c t i v e  of cometary s tudy  i s  t o  under- 
s t a n d  t h e  s t a t e  and cond i t ion  of comets throughout  t h e i r  
o r b i t a l  c y c l e s .  
minat ion of t h e  o r i g i n  of comets. 
have almost  p a r a b o l i c  o r b i t s  means t h a t  they  have come a t  least  
from v e r y  d i s t a n t  reg ions  of  the  s o l a r  system. It i s  n o t  known 
whether comets e x i s t  as such out  beyond t h e  o r b i t  of P lu to ,  
s ay ,  as t h e  r e s u l t  of  an ear l ier  s o l a r  system even t ,  o r  whether 
they  are c o n t i n u a l l y  being formed i n  t h e  o u t e r  s o l a r  sys t em.  
A f u l l  understanding of t h e  a p p a r i t i o n s  of  comets w i l l  c e r t a i n l y  
ass is t  i n  t h e  de te rmina t ion  of  t h e i r  o r i g i n  but  i t  may be 
necessa ry  t o  examine them away from s o l a r  i n f l u e n c e s  be fo re  a 
f i n a l  answer can be provided. 
i n t e r c e p t  miss ions  w i l l  a t  b e s t  on ly  i n d i r e c t l y  i n d i c a t e  t h e  
o r i g i n  of comets and hence t h i s  o b j e c t i v e  has  n o t  been inc luded  
i n  Table  1, a summary of  s c i e n t i f i c  o b j e c t i v e s .  
One important  o b j e c t i v e  t h e r e f o r e  i s  t h e  d e t e r -  
The f a c t  t h a t  many new comets 
I n  e i t h e r  even t ,  the e a r l y  comet 
Comets, as they  pass  through p e r i h e l i o n ,  are in f luenced  
v e r y  s i g n i f i c a n t l y  by s o l a r  r a d i a t i o n  and by t h e  i n t e r p l a n e t a r y  
medium through which they pass. 
f u l l e r  understanding of comets has  more than obvious i m p l i c a t i o n s  
i n  t h a t  i t  may be p o s s i b l e  t o  view comets ~3 5mterpIanetary probes 
Thus t h e  achievement of a 
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Table 1 
SUMMARY OF SCIENTIFIC OBJECTIVES 
The following are the primary scientific objectives 
which are used as the basis for the design of comet intercept 
missions. They cannot all be fulfilled by the early missions. 
Nucleus 
Macroscopic construction (sand-bank - ice nucleus) 
Diameter, shape, mass, density determination 
Constitution (nucleus compounds) 
Temperature and albedo determination 
Method of gas and dust release 
Detection of a magnetic field 
Possible biological species or organic compounds 
Detection of primeval low density material. 
Coma -
Mechanism of halo formation 
Determination of parent, daughter and grand- 
daughter compounds 
Verification of ionizing and excitation mechanisms 
Nature of reflecting particles 
Relationship between size and brightness as a 
function of solar distance 
Detection of magnetic field. 
Tail 
Verification of constitution of Type I and Type I1 
Mechanisms causing tail structures 
Establishment of mechanisms for accelerations of 
Detection of magnetic field. 
-
or I11 tails 
tail material 
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which by t h e i r  appearance i n d i c a t e  t h e  l o c a l  s t a t e  o f  t h e  i n t e r -  
p l a n e t a r y  medium and perhaps r e f l e c t  s o l a r  a c t i v i t y .  
p o t e n t i a l  of t h i s  p e r s p e c t i v e  i s  c l e a r l y  i n d i c a t e d  by Biermann's 
(1951) o r i g i n a l  p r e d i c t i o n  o f  a s o l a r  wind. 
The 
The s c i e n t i f i c  o b j e c t i v e s  f o r  comet mis s ions  a re  d i s -  
cussed  i n  a prev ious  r e p o r t  (Roberts 1964a) and are reviewed 
below s e p a r a t e l y  f o r  t h e  nucleus,  coma and t a i l .  Appendix 1 
g i v e s  t h e  median parameters  ( o r b i t a l ,  p h y s i c a l  and spec t roscop ic )  
f o r  cornets o f  pe r iod  less than  100 yea r s .  
2 . 1  The Comet Nucleus 
The t e r m  nuc leus  i s  understood t o  refer t o  t h e  o p t i c a l  
c e n t e r  o f  t h e  comet and i t s  appearance depends on t h e  p a r t i c u l a r  
a p p a r i t i o n  o f  t h e  comet and on the  o b s e r v a t i o n a l  appa ra tus .  
u s u a l l y  appears  as a b r i g h t ,  almost s t a r - l i ke  condensa t ion  
which i t  i s  p o s s i b l e  t o  s e p a r a t e  from t h e  coma w i t h  l a r g e  
t e l e s c o p e s .  
cases t h e  diameter  can  be e s t ima ted  a t  least  t o  an upper l i m i t .  
It 
The nuc leus  appears  as a s m a l l  d i s k  and i n  a few 
The c o n t r i b u t i o n  of  t h e  nuc leus  t o  t h e  t o t a l  b r i g h t n e s s  o f  a 
comct r a r e l y  exceeds one percent .  I n  t h e  f e w  i n s t a n c e s  where 
i t  has  been p o s s i b l e  t o  i s o l a t e  t h e  nucleus w i t h  a spec t rograph  
a cont inuous  spectrum has been dominant: t h i s  i s  a t t r i b u t e d  t o  
s c a t t e r i n g  and r e f l e c t i o n  of s u n l i g h t  by s o l i d  p a r t i c l e s  
(Swings 1943). 
The above o b s e r v a t i o n s ,  which are  a p p l i c a b l e  t o  on ly  
about  20 o r  so f a i r l y  b r i g h t  comets, r e p r e s e n t  t h e  t o t a l  d i r e c t  
o b s e r v a t i o n s  of  comet n u c l e i .  However a number o f  impor tan t  
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t h e o r i e s  and deduct ions have been made, and t h e s e  form t h e  b a s i s  
f o r  a con t inu ing  s c i e n t i f i c  i n t e r e s t .  
Two b a s i c  t h e o r i e s  ex i s t  f o r  t h e  n a t u r e  of t h e  nucleus.  
The sand-bank model proposes  t h a t  a comet c o n s i s t s  of  a loose  
aggrega te  o f  s o l i d  p a r t i c l e s  of  vary ing  s i z e ,  w i t h  each p a r t i c l e  
d e s c r i b i n g  an independent  o r b i t  around t h e  Sun. 
(1953) has s t rengthened  t h i s  theory by inc lud ing  a formation 
mechanism which invokes t h e  g r a v i t a t i o n a l  l ens  e f f e c t  of t h e  
Sun pass ing  through i n t e r s t e l l a r  c louds .  It has a l s o  been 
L y t t l e t o n  
shown t h a t  absorbed gases  may account f o r  t h e  gaseous r e l e a s e  
wi th  s o l a r  h e a t i n g  (Levin 1943). A more widely accepted  model 
i s  t h e  " ice-nucleus"  suggested by Whipple (1950a, 1963, Delsemme 
and Swings 1952).  I n  t h i s  model t h e  nucleus i s  a d i s c r e t e  mass 
o f  s o l i d s ,  i nc lud ing  i c e s  of methane, ammonia, carbon d iox ide ,  
water and cyanogen and t rapped  meteoro ida l  p a r t i c l e s .  
i c e s  subl ime w i t h  s o l a r  hea t ing ,  r e l e a s i n g  gases  and d u s t  
p a r t i c l e s  i n t o  t h e  coma. 
The 
The s i z e  of  a cometary nucleus i s  cons idered  t o  be of 
t h e  o r d e r  of  1 t o  10 km diameter.  An upper l i m i t  t o  t h e  v i s u a l  
diameter  has  been es t imated  f o r  about  20 b r i g h t ,  l a r g e  comets 
and i s  between 10 and 100 km (Richter  1963a).  Most o t h e r  estimates 
de r ived  from o c c u l t a t i o n s  o r  very c l o s e  approaches t o  t h e  E a r t h  
sugges t  diameters  aga in  i n  t h e  1-10 km range.  Using t h i s  range 
f o r  t h e  d iameter ,  t h e  average mass o f  t h e  nucleus can be e s t i m -  
a t e d ,  assuming a s p e c i f i c  g r a v i t y  of 1 .3  (Whipple 1963) a s  
between gms and 10 gms. 18 
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2 .2  The Cometary Coma 
The coma i s  a d i f f u s e  mixture  of gases ,  molecules ,  
r a d i c a l s ,  atoms, i ons  and d u s t  p a r t i c l e s  which surround t h e  
nucleus.  A coma i s  g e n e r a l l y  v i s i b l e  on comets i n s i d e  3 AU 
al though some d i s t a n t  and f a i n t  comets have appeared a s t e r o i d a l  
w i t h  no fuzz iness  i n d i c a t i v e  o f  a coma. The v i s u a l  diameters  
range up t o  about  10 
5 x 10 km diameter  (Beyer 1933, 1959),  a l though photographic  
de te rmina t ions  w i l l  g e n e r a l l y  be somewhat l a r g e r .  Comet heads 
a r e  u s u a l l y  l a r g e s t  near  p e r i h e l i o n ,  are roughly s p h e r i c a l  i n  
shape, and of  f a i r l y  uniform t e x t u r e .  A s p e c i a l  f e a t u r e  of 
some comets, i nc lud ing  H a l l e y ' s ,  i s  t h e  formation of  expanding 
s p h e r i c a l  h a l o s ,  o f t e n  w i t h  sharp boundaries  and w i t h  an 
average l i fe t ime o f  a few days (Bobrovnikoff 1931). They are 
assumed t o  be due t o  a uniform expansion of ma t t e r  e x p e l l e d  
from t h e  nucleus w i t h  expansion v e l o c i t i e s  t h a t  r a r e l y  exceed 
1 km/sec. 
6 km, w i t h  an average va lue  of say  
4 
The obse rva t ions  o f  cometary comas which perhaps have 
t h e  most s c i e n t i f i c  importance a r e  spec t roscop ic .  Even w i t h  
low d i s p e r s i o n  it  i s  p o s s i b l e  t o  show t h a t  t h e  spectrum of a 
coma i n  most cases c o n t a i n s  emission bands from gas molecules  
i n  c o n t r a s t  t o  t h e  spectrum of  a nucleus which i s  a r e f l e c t e d  
s o l a r  continuum. A t a b l e  of cometary emissions i s  given by 
R i c h t e r  (1963b). The fol lowing compounds and ions  have been 
c l e a r l y  i d e n t i f i e d  i n  cometary heads:  CN, C2 ,  CH, CH', NH, NH2, 
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C02+,  CO', N2+, OH, OH', Na and C3. 
s i n c e  t h e r e  are some suspec ted  compounds which have n o t  been 
c l e a r l y  i d e n t i f i e d  and many unassigned s p e c t r a l  bands. 
e x c i t a t i o n  mechanism seems t o  be p r i n c i p a l l y  f luo rescence  
e x c i t a t i o n  by s o l a r  r a d i a t i o n  (Hunaerts 1953, McKellar and 
Climenhaga 1953). 
This  l i s t  i s  n o t  complete 
The 
Despi te  t h e  d e t e c t i o n  of t h e  above gases  i t  i s  s t i l l  
n o t  c e r t a i n  what are the"parent!' molecules  which emanate from 
t h e  nuc leus .  The s p e c t r a  of supposed "parent"  molecules  such 
as H20, NH3, e t c .  have n o t  been observed. 
t h a t  t h e  products  which are observed d i s s o c i a t e  f u r t h e r  i n t o  
compounds which have s p e c t r a l  l i n e s  which a l s o  cannot  or ,have  
n o t  been observed from t h e  Earth.  I n  a d d i t i o n  t o  t h e  l i n e  
It i s  a l s o  p o s s i b l e  
emiss ions  mentioned above, the comas o f  many comets e x h i b i t  a 
continuum of r e f l e c t e d  s u n l i g h t .  This  i s  a t t r i b u t e d  t o  scat ter-  
i n g  by p a r t i c l e s  cons ide rab ly  l a r g e r  than t h e  s imple molecules  
and r a d i c a l s  observed s p e c t r o s c o p i c a l l y .  
dus t  p a r t i c l e s  b u t  cou ld  poss ib ly  be p a r t i c l e s  polymerized from 
t h e  e x i s t i n g  gases  under s o l a r  r a d i a t i o n .  
They are probably 
There i s  much t o  be l ea rned  about  t h e  c o n s t i t u t i o n  o f  
cometary comas p a r t i c u l a r l y  i n  determining what compounds and 
p a r t i c l e s  are p r e s e n t .  The mechanisms f o r  e x c i t a t i o n  of com- 
pounds i n  t h e  coma and expansion o f  material away from t h e  
nuc leus  are n o t  f u l l y  understood nor  are t h e  d e t a i l s  of  t h e  
p r o c e s s  fo r  a c c e l e r a t i n g  coma m a t e r i a l  i n t o  t h e  t a i l .  These 
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problems are i n  a d d i t i o n  t o  t h e  d i f f i c u l t i e s  a t t a c h e d  t o  ob ta in -  
i n g  good v i s u a l  and photographic  obse rva t ions  of coma s i z e  and 
b r i g h t n e s s  as a func t ion  of d i s t a n c e  from t h e  Sun. 
2.3 The Comet T a i l  
The t a i l s  of comets d i f f e r  g r e a t l y  i n  appearance.  
V i s i b l e  t a i l s  have been observed 'as  long as 1 AU w i t h  diameters  
up t o  10 km. A t  t h e  o t h e r  extreme, many f a i n t ,  s h o r t  pe r iod  
comets do n o t  e x h i b i t  any d i s c e r n i b l e  t a i l .  There are two 
g e n e r a l  c l a s s i f i c a t i o n s  of comet t a i l s  known as Type I and 
Type I1 o r  111 (Biermann 1951, 1953, 1963).  Type I t a i l s  con- 
s i s t  of  r e l a t i v e l y  e a s i l y  a c c e l e r a t e d  p a r t i c l e s  , mainly ions  
6 
such a s  CO + , N2 + , C02+, CH', OH' (Swings and Haser 1961). They 
are u s u a l l y  long,  narrow, a c t i v e ,  s t r a i g h t ,  and d i r e c t e d  
r a d i a l l y  away from t h e  Sun., The d i f f e r e n c e s  between Type I1 
and I11 t a i l s  are minor,  t h e  e s s e n t i a l  s i m i l a r i t y  being t h a t  
t hey  are  s h o r t ,  wide,  i n a c t i v e ,  curved and l a g  behind t h e  r a d i u s  
v e c t o r .  
Of t h e  comets t h a t  develop a t a i l ,  about  50 pe rcen t  possess  a 
Type I t a i l .  Occas iona l ly  a comet w i l l  show both  a Type I and 
a Type I1 t a i l .  
The i r  major c o n s t i t u e n t  i s  probably d u s t  p a r t i c l e s .  
Type I t a i l s ,  i n  c o n t r a s t  t o  dus t  t a i l s ,  show cons ider -  
a b l e  s t r u c t u r e  and changes i n  s t r u c t u r e .  Relative v e l o c i t i e s  
f o r  c loud- l ike  condensat ions i n  t a i l s  have been observed t o  
range f r o m t e n t o  s e v e r a l  hundred km/sec, and a c c e l e r a t i o n s  
have been observed as high as 1000 cm/sec2 (Biermann,Lust 1963).  
Rays f o r m  i n  t h e  t a i l  a t  angles  up t o  30 o r  40" t o  t h e  a x i s  of 
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t h e  t a i l ,  t h e  longes t  ones being formed nea r  t h e  coma and a r e  
d i r e c t e d  a t  low ang les .  In  add i t ion ,  t h r e a d - l i k e  f i l amen t s  
most ly  p a r a l l e l  t o  t h e  a x i s  a r e  o f t e n  observed. A s  a f u r t h e r  
compl ica t ion ,  t h e  condensat ions,  s t r eamers ,  r a y s  and f i l a m e n t s ,  
i n  f a c t  t h e  whole s t r u c t u r e  of  a comet t a i l  can have a wave- 
l i k e  o r  h e l i c a l  s t r u c t u r e .  
The a c c e l e r a t i o n  of  t a i l  m a t e r i a l  i s  s o l a r - r e l a t e d  
but  such mechanisms as r a d i a t i o n  p r e s s u r e  have been shown t o  
be inadequate .  
a c c e l e r a t i o n s  r e s u l t e d  from a r e a c t i o n  between s o l a r  corpuscular  
The Biermann (1951) hypothes is  t h a t  t a i l  
r a d i a t i o n  and cometary ions  has  been extended by cons ide ra t ion  
o f  magnetohydrodynamic i n t e r a c t i o n s  w i t h  t h e  i n t e r p l a n e t a r y  
magnet ic  f i e l d  and t h e  s o l a r  wind (Harwit t  and Hoyle 1962).  
Many of t h e  c o n s t i t u e n t s  of  comet t a i l s  have been 
i d e n t i f i e d  but  t h e r e  i s  a need t o  prove 
pounds do o r  do n o t  e x i s t  i n  comets. The mechanisms of  
a c c e l e r a t i o n  of  t a i l  m a t e r i a l  a r e  s t i l l  somewhat ske tchy  and 
a s o l u t i o n  i n  t h i s  area i s  probably t h e  most important  o b j e c t i v e  
i n  t h e  s tudy  of  cometary t a i l s ,  
2.4 I n d i v i d u a l  P e r i o d i c  Comets 
whether o t h e r  com- 
The s c i e n t i f i c  knowledge of  i n d i v i d u a l  comets i s  very  
l i m i t e d  w i t h  t h e  except ion  of  a few r e l a t i v e l y  w e l l  known ones 
such as Encke and Hal ley.  
a previous  r e p o r t  (Roberts 1964b) f o r  each of t h e  comets which 
have been cons idered  f o r  i n t e r c e p t  miss ions .  
The a v a i l a b l e  d a t a  i s  t a b u l a t e d  i n  
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3 .  COMPLEMENTARY MEASUREMENT TECHNIQUES 
To g a i n  t h e  f u l l e r  understanding o f  comets as w e  see 
them from Ear th ,  i t  i s  n o t  going t o  be adequate  t o  j u s t  send 
o u t  one o r  two i n t e r c e p t i n g  s p a c e c r a f t  - however w e l l  i n s t r u -  
mented. V i sua l  and spec t roscop ic  astronomy s t i l l  have a l a r g e  
p a r t  t o  p l ay ,  as have l abora to ry  exper imenta t ion  and t h e  tech-  
n ique  of launching a r t i f i c i a l  comets, o f  known c o n s t i t u t i o n ,  
i n t o  E a r t h  o r b i t .  
d i s c i p l i n a r y  approach w i t h  i n t e r c e p t  missions as an important  
b u t  n o t  e x c l u s i v e  c o n t r i b u t o r .  
way i n  which t h e  major t e c h n i c a l  areas can c o n t r i b u t e  t o  t h e  
f u r t h e r  s t u d y  o f  t h e  comets and t h e  success  of i n t e r c e p t  
mi s s ions .  
3.1 Te le scop ic  Observat ions 
F u l l  advantage should be t aken  o f  an i n t e r -  
Table  2 g i v e s  a summary of t h e  
The m o s t  d i r e c t  and i n  f a c t  e s s e n t i a l  way f o r  ground- 
based v i s u a l  obse rva t ions  t o  a s s i s t  i n t e r c e p t  miss ions  i s  through 
e a r l y  recovery  of  comets and a c c u r a t e  de t e rmina t ion  of t h e  
o r b i t a l  e lements .  Comets are s u b j e c t  t o  p e r t u r b a t i o n  t o  such an  
e x t e n t  t h a t  i t  w i l l  probably be necessa ry  t o  v e r i f y  a p r e d i c t e d  
comet o r b i t  be fo re  a s p a c e c r a f t  i s  launched t o  i n t e r c e p t  i t .  
S ince  comets have s i g n i f i c a n t  o r b i t a l  i n c l i n a t i o n s  i t  i s  neces-  
s a r y  t o  have a v a i l a b l e  a wide s e l e c t i o n  of  l a t i t u d e s  from which 
t o  r e c o v e r  and t r a c k  comets. Visual  and photographic  observa- 
t i o n s  w i l l  probably be adequate i n  themselves t o  determine t h e  coma 
b r i g h t n e s s  and s i z e  r e l a t i o n s h i p s  as a f u n c t i o n  o f  s o l a r  d i s t a n c e .  
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Table 2 
DISCIPLINARY CONTRIBUTIONS TO SCIENTIFIC OBJECTIVES 
Nuc leus  
Macroscopic c o n s t r u c t i o n  (sand-bank - i ce  nuc leus)  a )  
b )  Diameter,  shape,  mass, d e n s i t y  de te rmina t ion  
c )  C o n s t i t u t i o n  ( n u c l e i c  compounds) 
d )  Temperature and a lbedo  de termina t ion  
e )  
f )  Detec t ion  of magnetic f i e l d  
g )  
h )  
Method o f  gas  and d u s t  release 
P o s s i b l e  b i o l o g i c a l  s p e c i e s  o r  organic  compounds 
De tec t ion  o f  pr imeval  low d e n s i t y  material 
a )  Mechanism of h a l o  formation 
b )  Determinat ion o f  p a r e n t ,  daughter  and grand- 
daughter  compounds 
c )  V e r i f i c a t i o n  o f  i o n i z i n g  and e x c i t a t i o n  mechanisms 
d )  Nature of r e f l e c t i n g  p a r t i c l e s  
e )  R e l a t i o n s h i p  between s i z e  and b r i g h t n e s s  as a 
f u n c t i o n  o f  s o l a r  d i s t a n c e  
f )  De tec t ion  o f  magnetic f i e l d  
T a i l  
V e r i f i c a t i o n  of c o n s t i t u t i o n  of Type I and Type I1 
-
a )  
b )  Mechanisms caus ing  t a i l  s t r u c t u r e s  
c )  Es tab l i shment  of mechanism f o r  a c c e l e r a t i o n s  o f  
d )  De tec t ion  of  magnetic f i e l d  
o r  I11 t a i l s  
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The examination of  s t r u c t u r e s  i n  t h e  comas and t a i l s  i s  a l s o  
probably  b e s t  achieved by Earth-based obse rva t ions  both  v i s u a l  
and s p e c t r a l  because of  t h e  l a rge  scale and o f t e n  long d u r a t i o n  
o f  t h e s e  v a r i a t i o n s .  
Exce l l en t  spec t roscop ic  obse rva t ion  o f  comets has  been 
undertaken i n  r e c e n t  y e a r s .  The primary de te rmina t ion  of  t h e  
c o n s t i t u t i o n  and d i f f e r e n c e s  i n  c o n s t i t u t i o n  o f  comets re l ies  
h e a v i l y  on t h e  c o n t i n u a t i o n  o f  t h i s  work w i t h  as h i g h  a r e s o l u -  
t i o n ,  s p e c t r a l  and s p a t i a l ,  a s  p o s s i b l e .  I n  f a c t ,  one of  t h e  
c r i t e r i a  employed l a t e r  i n  t h e  s e l e c t i o n  o f  comets f o r  i n t e r c e p t  
mi s s ions  i s  t h a t  t hey  should  be b r i g h t  enough f o r  s p e c t r o s c o p i c  
o b s e r v a t i o n  from t h e  E a r t h  a t  t h e  t i m e  o f  i n t e r c e p t .  
t h e  l i m i t a t i o n s  o f  t h e  E a r t h ' s  atmosphere i t  would be v e r y  use- 
f u l  i f  comet s p e c t r a  could  be obta ined  from E a r t h  o r b i t a l  a l t i -  
tudes  us ing  t h e  OAO type  of  s a t e l l i t e  system. This  would hope- 
f u l l y  reveal whether p r e s e n t l y  undiscovered molecules  and com- 
pounds are common t o  comets,  and perhaps e l u c i d a t e  t h e  
To avoid  
d i s s o c i a t i o n  c h a i n  from I 1  parent"  molecules .  
3 . 2  Laboratory S t u d i e s  
Laboratory s t u d i e s ,  as h a s  been made c lear  by those  
programs which have a l r e a d y  been undertaken,  can add cons ide rab ly  
t o  t h e  unders tanding  o f  cometary p rocesses  (Donn 1961) .  C e r t a i n l y  
i t  would be b e n e f i c i a l  t o  decipher  t h e  unassigned s p e c t r a l  
emiss ions  from comets. 
mina t ion  o f  t h e  i o n i z a t i o n  processes  and i n  a s s e s s i n g  t h e  
Ass is tance  can be ga ined  i n  t h e  d e t e r -  
t 
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l ifetimes of  t h e  v a r i o u s  spec ie s  i n  a s imula ted  space environ-  
ment. The exposure o f  comet n u c l e i  models t o  s imula ted  s o l a r  
r a d i a t i o n  may add t o  t h e  p l a u s i b i l i t y  o f  one model a t  t h e  ex- 
pense of  t h e  o t h e r s .  One experiment would be t o  e s t a b l i s h  t h e  
p o s s i b i l i t y  of  polymerized p a r t i c l e s  being formed i n  a comet 
atmosphere under s o l a r - t y p e  r a d i a t i o n  (Cunningham 1964). 
3 . 3  A r t i f i c i a l  Comets 
An a r t i f i c i a l  comet experiment can provide s i g n i f i c a n t  
d a t a  on t h e  c o r r e c t n e s s  of cometary t h e o r i e s  and deduct ions.  
For example, a 2000 lb .  ice  nucleus w i t h  c l o s e l y  c o n t r o l l e d  
c o n s t i t u e n t s  would probably form an  e a s i l y  observable  coma i n  
a matter o f  hours  i n  Ea r th  o r b i t  (Donn 1961). I ts  e f f e c t i v e  
l i f e t i m e  should  exceed 10 days. The dimensions,  shape and 
s t r u c t u r e  o f  t h e  cometary atmosphere could  be observed knowing 
t h e  s i z e  and shape of the nucleus.  
p o s s i b l e  between t h e  t h e o r e t i c a l l y  p r e d i c t e d  and t h e  a c t u a l l y  
observed s p e c t r a  of  bo th  t h e  coma and t a i l  knowing t h e  o r i g i n a l  
p a r e n t  c o n s t i t u e n t s .  Rates  and mechanisms of  i o n i z a t i o n  could 
probably be deduced through t h e  knowledge of  t h e  environment 
through which t h e  comet pas ses .  
3 . 4  Comet I n t e r c e p t  Miss ions 
A comparison would be 
I n t e r c e p t  miss ions  can provide a major advance i n  t h e  
unders tanding  of  comets by c l o s e  examination. 
photographic  data on a nucleus w i l l  p rovide  more informat ion  
than  has  been ob ta ined  t o  da t e .  This  can be added t o  by 
Even s imple 
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temperature and albedo measurements, and if possible, by sampling 
of nucleus material. By using mass spectrometry the quantities 
and types of compounds in the coma and tail can be detected 
with a high degree of confidence. But perhaps the greatest ad- 
vantage can be obtained from measurements of the plasma and 
magnetic fields in and around the coma. This should add con- 
siderably to the magnetohydrodynamic explanation of the acceler- 
ation mechanisms involved in comet tail formation. It should 
also be possible to determine the dust particle concentrations 
associated with comets. 
the dust itself to add to the knowledge of its chemical abun- 
This is of value not only in examining 
dances but also in verifying the dispersion relationships be- 
tween stream meteors and comets. 
4. EXPERIMENTAL PAYLOAD 
It is stressed that comets should be considered individu- 
ally when the details of their apparitions are to be analyzed. 
Similarly, the experiments to be included in intercept missions, 
although confc-ming to a common broad outline, should be spec- 
ified on the basis of the particular comet and the classification 
of the mission. 
The types of instrumentation which should be considered 
for inclusion in comet intercept missions include: 
a) Plasma probes 
b) Magnetometers 
c) Spectrophotometers 
d) Mass spectrometers 
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e) Micrometeoroid detectors 
f) Television. 
These instruments will allow the cometary plasma and 
magnetic fields to be compared to those in the local inter- 
planetary medium, the physiochemical nature of cometary material 
to be determined, and in favorable circumstances, the nature 
of the nucleus and its near environment to be observed. Infor- 
mation of pertinence will be gained from measurements of the 
disturbances and shock waves in the interplanetary medium caused 
by the comet. Except for the television experiment all of the 
suggested instruments can be usefully used throughout the 
flight through interplanetary space. 
ments is discussed briefly below. 
4.1  Plasma Probes 
Each of the basic experi- 
The objective of plasma measurements is a comparison 
between the plasma in interplanetary space and in various regions 
of the coma and tail. 
the density, energy spectrum and temperature, for electrons, 
It will be necessary therefore to measure 
protons and heavier ions. The principal energy range of inter- 
est will be up to about 100 eV for electrons and between about 
100 eV and 10 keV for ions. These ranges of energy are well 
within the capabilities of the present state of the art (Lust 
1963). 
A Faraday cup type of plasma spectrum analyzer with a 
2 fairly large area (N 50 cm ) and angle of view (40" x 4 0 " )  
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would be s u i t a b l e  a s  a g e n e r a l  plasma probe (Bridge e t  a l .  1964). 
The weight  of  t h i s  probe i s  e s t ima ted  t o  be about 4 l b s .  and t o  
r e q u i r e  about  1 w a t t  of power. A f l u x  measurement t o  5 p e r c e n t  
i n  say  a t o t a l  o f  20 energy ranges,  i n c l u s i v e  o f  e l e c t r o n s  and 
i o n s ,  once every  minute w i l l  r e q u i r e  a d a t a  ra te  of 2.5 b i t s /  
sec from t h e  i n t e r p l a n e t a r y  medium and t h e  cometary atmosphere. 
A fas t  response plasma probe, sugges ted  f o r  i n c l u s i o n  
i n  t h e  more s o p h i s t i c a t e d  exper imenta l  payload i s  r e q u i r e d  t o  
have a h igh  angu la r  r e s o l u t i o n  of t h e  o r d e r  o f  2.5 square  
degrees  and have a freedom of  movement i n  a t  l ea s t  one p lane .  
The narrow acceptance  a n g l e  w i l l  permi t  a c c u r a t e  d i r e c t i o n a l  
measurements t o  be made on t h e  motion of i o n s  and e l e c t r o n s  
when coupled w i t h  a c o n t r o l  system which guides  t h e  probe t o  
look i n t o  t h e  d i r e c t i o n  o f  maximum f l u x .  
such t h a t  a plasma measurement can be made every  m i l l i s e c o n d  
A speed o f  response 
should  a l low t h e  f i n e  s t r u c t u r e  of t h e  plasma t o  be observed. 
The informat ion  r a t e  from t h i s  ins t rument  w i l l  be about  
5 x 10 b i t s / s e c .  
a p u l s e  fo r  each p a r t i c l e  de t ec t ed  would be s u i t a b l e  (Ogi lv ie  
e t  a l .  1963). The weight  o f  t h i s  plasma probe should  n o t  
3 A system us ing  secondary emission t o  g e n e r a t e  
exceed 6 l b s .  and t h e  power requirement may be approximately 
5 w a t t s .  
4 .2  Magnetometers 
Magnetic f i e l d  measurements should be made no t  on ly  i n  
t h e  v i c i n i t y  of  t h e  nucleus but a l s o  throughout t h e  coma and, 
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where possible, the tail with attention being paid to any 
transition region between the comet and interplanetary space. 
In addition, a shock wave as detected by a plasma probe should 
also be detectable magnetically. It is important that the 
plasma and magnetic measurements both be made in such a way 
that the data can be correlatedwith respect to time and 
position. 
Two types of magnetometers are well suited to magnetic 
field measurement in interplanetary space and a cometary atmo- 
sphere and both types have been used successfully in space 
(Cahill 1 9 6 3 ,  Ness 1 9 6 4 ) .  A Rubidium vapor magnetometer and 
a fluxgate magnetometer are suggested for inclusion in a comet 
mission. 
The Rubidium vapor magnetometer is an absolute instru- 
ment and is extremely useful for calibration throughout the 
mission. A complete three-axial measurement takes about two 
minutes by sampling each axis in turn in each direction. 
Therefore the information rate for continuous operation will 
be about 0.25 bits/sec. The weight of the unit will be about 
6 lbs. and the power demand will be about 8 watts. 
A three-axis fluxgate magnetometer which will measure 
the three components of the magnetic field simultaneously could 
be used to provide a magnetic field measurement every 3 seconds 
to coincide with each of the 20 plasma energy measurements 
every minute. This will require an information rate of about 
5 bits/sec. 
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A development which seems feasible, is to make the 
fluxgate magnetometer capable of fast operation. 
fast response plasma probe a measurement every millisecond would 
be required. 
and the power demands are quite small, about 1 watt in normal 
operation. To measure the field vector every millisecond, a 
total of 2 x 10 bitslsec will be required. 
4 . 3  Spectrophotometry 
To match the 
A complete unit should only weigh about 5 lbs. 
4 
A great deal of the present understanding of the con- 
stitution of cometary atmospheres has been obtained from 
spectrometric measurements on Earth. Two restrictions are 
placed on these measurements apart from the brightness of the 
comet which normally should be greater than 10th magnitude. 
These are the atmospheric restrictions which make many regions 
of interest in the spectrum inaccessible from the Earth and 
the limited spatial resolution which is possible even with the 
largest telescopes. 
Spectrophotometric measurements from a location in 
Earth orbit will certainly overcome the atmospheric difficulties 
but will add little to the spatial resolution. Measurements 
from a spacecraft near the comet will however solve both problems 
allowing the full spectrum to be observed with good spatial 
resolution. It should be pointed out that no advantage in 
brightness, for a given field of view, is obtained by going 
nearer the comet since it is a diffuse light source, although 
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a much smaller magnification will be required to obtain the 
same spatial resolution. 
Spectral measurements from a spacecraft can be achieved 
with a moderate viewing system (5" telescope) which will 
resolve an area approximately 500 km diameter at a distance of 
about 10 km. This would seem adequate resolution for a 5 
scanning spectrometer observing a typical comet with a coma of 
say LO4 km diameter and a tail some 10 
this unit would be in the region of 15-20 lbs. with a power 
requirement of approximately 5 watts including the scanning 
mechanisms. 
measured spectrum would be about 200 bits. For a spectral 
measurement every 5 minutes, the transmission rate would be 
less than 1 bit/sec. 
5 km long. The weight of 
The information obtained from a single coarsely 
4.4 Mass Spectrometry 
The mass spectrometer offers a method of directly 
sampling the cometary atmosphere. Mass spectrometers are being 
developed for space flight and will respond to ion fluxes of 
about 10 
the most probable ions present OH', COf, CH', C02+. 
5 ions/sec for mass numbers up to 4 5 ,  which will include 
A mass spectrometer suitable for measuring ion concen- 
trations in cometarycamascan probably be made to weigh less 
than 10 lbs. 
8-10 watts. If 15 bits of information are allocated for a 
readout of the 4 5  channels every 4 5  seconds the information 
The power requirement is relatively high at about 
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ra te  w i l l  be 15 b i t s / s e c .  
t rome te r  can be used t o  d e t e c t  n e u t r a l  molecules  because o f  
t h e  probable  low i o n i z a t i o n  e f f i c i e n c y .  
4 .5  S o l i d  P a r t i c l e  Detec t ion  
It i s  u n l i k e l y  t h a t  t h e  mass spec- 
The s p e c t r a l  continuum from cometary atmospheres i n d i -  
cates t h e  emission o f  d u s t  p a r t i c l e s  from t h e  nucleus a long  
w i t h  t h e  gaseous releases (Vanysek 1952, 1958).  This  i s  f u r t h e r  
s u b s t a n t i a t e d  by t h e  r e l a t ive ly  high d u s t  c o n c e n t r a t i o n s  wLich 
a r e  i n  evidence i n  t h e  o r b i t s  of comets and which are  observed 
as meteor showers on E a r t h .  
p r e s e n t  t o  p r e d i c t  w i t h  any assurance  t h e  expec ted  d u s t  d e n s i t y  
i n  a cometary coma o r  t a i l .  
exper ienced  by a s p a c e c r a f t  i n t e r c e p t i n g  a comet w i l l  be l a r g e l y  
a f u n c t i o n  o f  t h e  p a r t i c u l a r  comet. 
However i t  i s  n o t  p o s s i b l e  a t  
The a c t u a l  s o l i d  p a r t i c l e  f l u x  
An a c o u s t i c  d e t e c t o r  i s  probably t h e  l e a s t  l i k e l y  d e t e c t o r  
t o  be degraded by a h igh  p a r t i c l e  f l u x  and i s  c u r r e n t l y  a v a i l a b l e  
w i t h  a s e n s i t i v i t y  of 3 x 10 7 dyne-sec. However t h i s  w i l l  on ly  
d e t e c t  p a r t i c l e s  w i t h  a mass of 
o f  3 km/sec ( i . e .  , 111. p a r t i c l e s ) .  Thus t h e  d e t e c t o r  w i l l  
gms a t  a re la t ive  v e l o c i t y  
j u s t  d e t e c t  t h e  smallest p a r t i c l e s  expected.  
d e t e c t o r  w i t h  an effect ive a r e a  o f  10 cm2 should  be 2 l b s .  o r  
less  and t h e  power r e q u i r e d  should be less than  1/4 w a t t s .  
a l l o c a t i o n  of  1 b i t / s e c  p e r  channel w i l l  p robably  cover  most 
p e r i o d i c  comet i n t e r c e p t s .  
The weight  of  t h e  
An 
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An ex tens ion  of  t h e  measurements on d u s t  p a r t i c l e s  
would be t o  c a p t u r e  a f e w  d u s t  paricles and ana lyze  them 
chemica l ly  on-board t h e  s p a c e c r a f t .  However t h i s  type  o f  
experiment can be ve ry  demanding i n  weight ,  power and t r a n s -  
miss ion  requi rements .  
4.6 Te  levis  i o n  
The nucleus o f  a comet i s  r e l a t i v e l y  s m a l l ,  1-10 km, 
which makes i t  d i f f i c u l t  t o  cons ide r  e i t h e r  o r b i t i n g  o r  landing  
on it. The spectrum of a nucleus seems always t o  be a con t in -  
uum o f  r e f l e c t e d  s u n l i g h t  and so l i t t l e  informat ion  on i t s  
s o l i d  c o n s t i t u t i o n  can be gained by d i r e c t  spec t roscopy.  
v i s i o n ,  a l though  o f  v a l u e ,  will n o t  i n  i t s e l f  be s u f f i c i e n t  t o  
ana lyze  a nuc leus .  
ques t ion  o f  i t s  macroscopic c o n s t r u c t i o n .  Even a system w i t h  
moderate r e s o l u t i o n  should enable  a c loud  o f  p a r t i c l e s  t o  be 
d i s t i n g u i s h e d  from a s o l i d  i ce  nuc leus .  I n  a d d i t i o n  t o  t h i s  
minimal i n fo rma t ion  on t h e  c o n s t r u c t i o n  o f  a nuc leus ,  data 
T e l e -  
It w i l l  however a i d  i n  answering t h e  
should  be o b t a i n e d , o n  i t s  s i z e ,  shape and albedo.  
It has been shown (STL 1963) t h a t  a f a i r l y  s o p h i s t i c a t e d  
TV system should be a b l e  t o  r e s o l v e  about  200 meters from a 
d i s t a n c e  of 10,000 km. This  r e s o l u t i o n  would only  be adequate  
t o  d i s c e r n  whether a nucleus i s  s p l i t  i n  two o r  t h r e e  l a r g e  
fragments  but  i s  probably n o t  s u f f i c i e n t  j u s t i f i c a t i o n  f o r  t h e  
t e l e v i s i o n  system. However i n  t h e  cases where a 1000 k m  m i s s  
d i s t a n c e  i s  a n t i c i p a t e d ,  a t e l e v i s i o n  system should be inc luded  
even i n  t h e  face of  t h e  h igh  r e l a t i v e  v e l o c i t y  o f  t h e  s p a c e c r a f t .  
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S t a t e  o f  t h e  a r t  s t a b l e  p la t forms  and t r a c k i n g  systems would 
s e e m  adequate .  
The weight  of  t h e  t e l e v i s i o n  system should  be about  
10 l b s .  and it  w i l l  r e q u i r e  about 10 w a t t s  o f  power. The 
t e l e v i s i o n  p i c t u r e  can be adequate ly  r e s o l v e d  i n t o  70 elements  
each  w i t h  5 levels of  gray .  A t o t a l  of  350 b i t s / p i c t u r e  would 
then  be r equ i r ed .  
4.7 D e t a i l e d  Experimental  Payloads 
Three b a s i c  experimental  payloads have been compiled 
from t h e  foregoing  c o n s i d e r a t i o n s .  A b a s i c  assumption has been 
t h a t  t h e  Deep Space Ins t rumenta t ion  F a c i l i t y  (DSIF) network 
w i l l  be a v a i l a b l e  8 hours  pe r  day t o  receive t r ansmiss ions  from 
t h e  cometary miss ions .  F u r t h e r ,  i t  i s  assumed t h a t  24 hour 
coverage w i l l  be p o s s i b l e  for one o r  two days a t  t h e  t i m e  o f  
i n t e r c e p t .  
The b i t  rates quoted i n  t h e  fol lowing exper imenta l  pay- 
loads  are e s t ima ted  f o r  t h e  i n t e r c e p t  phase.  I n  g e n e r a l  t h i s  
w i l l  occur  when t h e  communications d i s t a n c e  i s  nea r  a maximum 
and when t h e  most d a t a  i s  being obta ined .  
a maximum demand on t h e  communications systems. Table  3 r e p r e -  
s e n t s  a minimal f ly-by  payload f o r  a mission where m i s s  d i s t a n c e  
t o  t h e  nuc leus  i s  of  t h e  o r d e r  of 10,000 km. I n  t h i s  case t h e  
s c i e n t i f i c  r e t u r n  w i l l  be p r i m a r i l y  p a r t i c l e s  and f i e l d s  d a t a  
a c q u i r e d  i n  p a s s i n g  through t h e  coma. 
Thus they  r e p r e s e n t  
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Table 4 r e p r e s e n t s  a payload s u i t a b l e  f o r  a miss ion  
where t h e  v e l o c i t y  i s  matched wi th  t h e  comet. 
s m a l l  r e l a t ive  v e l o c i t y  reduces t h e  need f o r  t h e  f a s t  response  
plasma probe and magnetometer. However a t e l e v i s i o n  system i s  
inco rpora t ed  which can provide  15 p i c t u r e s  p e r  hour.  
The r e s u l t i n g  
Table  5 r e p r e s e n t s  an ex tens ion  of Table  4 i n  t h a t  
more informat ion  i s  ob ta ined  f rom t h e  experiments  and a l a r g e r  
b i t  rate i s  r e q u i r e d .  No t e rmina l  v e l o c i t y  c o r r e c t i o n  i s  i n -  
vo lve d - 
5.  SELECTION CRITERIA FOR COMET INTERCEPT MISSIONS 
A set  of  c r i t e r i a  by which t o  se lec t  comets f o r  i n t e r -  
c e p t  miss ions  have been r epor t ed  p r e v i o u s l y  (Roberts 1964b, 
Narin and P i e r c e  1964, Narin and Re jze r  1965). They a r e  
summarized he re .  Comets on ly  become v i s i b l e  as they  approach 
p e r i h e l i o n  and become inf luenced  by s o l a r  r ad ia t ion* .  
are b r i g h t e s t  and most ac t ive  and t h e r e f o r e  most i n t e r e s t i n g  
n e a r  p e r i h e l i o n .  T y p i c a l l y  a p e r i o d i c  comet i s  v i s i b l e  f o r  
about  10 p e r c e n t  of  each o r b i t ,  Thus a r easonab le  r e s t r i c t i o n  
on comet miss ions  i s  t h a t  i n t e r c e p t  i s  r e q u i r e d  near  p e r i h e l i o n .  
They 
The o r b i t a l  e lements  o f  p e r i o d i c  comets a r e  s u b j e c t  t o  
changes due t o  t h e  p e r t u r b a t i v e  e f f ec t s  of  t h e  p l a n e t s  and 
s e c u l a r  p e r t u r b a t i o n s  inc lud ing  t h o s e  due t o  mass lo s s  w h i l e  
t h e  comet i s  n e a r  t h e  Sun. I n  c a l c u l a t i n g  t h e  changes i n  
11 * Except ion i s  t h e  annual" comet Schwassmann-Wachmann 1 
which can be observed a t  some t i m e  each yea r .  O t e r m a  w a s  an  
annua l  comet u n t i l  pe r tu rbed  by J u p i t e r  i n  1963, 
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parameters  due t o  p e r t u r b a t i o n s  (Narin,  Pierce 1964) t h e  major 
sources  o f  e r r o r  were f e l t  t o  be due t o  i n a c c u r a c i e s  i n  t h e  
s t a r t i n g  elements and d a t e s .  
on ly  comets which have been observed on two r e c e n t  passages 
have been included.  Even s o ,  i t  i s  s t i l l  cons idered  necessary  
t o  observe a comet f o r  a pe r iod  o f  two months p r i o r  t o  t h e  
launch of  an  i n t e r c e p t i n g  s p a c e c r a f t  i n  o r d e r  t o  check i t s  
o r b i t .  The l i m i t i n g  cond i t ions  f o r  t h e  s i g h t i n g  on each passage 
( recovery)  of  a comet are  a b r igh tness  of  magnitude 20 and 
v i s i b i l i t y  f o r  a pe r iod  of  about two hours i n  a dark  sky. The 
re la t ive  p o s i t i o n s  o f  t h e  Sun, Ea r th  and comet and t h e  b r i g h t -  
ness  of  t h e  comet on approach to  t h e  Sun makes i t  impossible  
t o  r ecove r  many of them i n  s u f f i c i e n t  t i m e  be fo re  p e r i h e l i o n  
t o  launch a s p a c e c r a f t .  
Thus t o  minimize t h e s e  e r r o r s ,  
S c i e n t i f i c a l l y  i t  i s  almost e s s e n t i a l  t h a t  t h e  comet 
should  be v i s i b l e  from Ear th  during t h e  i n t e r c e p t  phase. This  
a l lows  c o r r e l a t a b l e  d a t a  t o  be obta ined  between E a r t h  obser-  
v a t i o n s  and s p a c e c r a f t  measurements. The most important  Earth-  
based measurements w i l l  be spec t roscopic  and f o r  t h e s e  a 
magnitude 10 b r i g h t n e s s  i s  requi red .  Many p e r i o d i c  comets 
cannot  f u l f i l l  t h i s  requirement a t  p e r i h e l i o n  i n  t h e  nex t  20 
yea r s .  
A f u r t h e r  s t a n d a r d  t o  b e  m e t  i s  t h a t  s u f f i c i e n t  should 
be known o f  t h e  i n t e r c e p t e d  comet p r i o r  t o  t h e  miss ion  t o  per -  
m i t  t h e  ins t ruments  and t h e i r  s e n s i t i v i t i e s  t o  be s e l e c t e d  
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w i t h i n  reasonable  l i m i t s .  This means t h a t  t h e  comet should 
have been observed i n  reasonable  d e t a i l  p r i o r  t o  the  passage 
a t  which i n t e r c e p t  i s  planned. 
passages w i l l  o f f e r  very  poor v i s i b i l i t y  from Ear th .  
However, many of  t h e  i n t e r v e n i n g  
F i n a l l y  a t r a j e c t o r y  a n a l y s i s  must be performed t o  
de t e rn ine  t h e  i d e a l  v e l o c i t y ,  t i m e  o f  f l i g h t  and r e l a t i v e  
v e l o c i t y  a t  i n t e r c e p t  f o r  suggested miss ions .  
Table 6 g ives  a l i s t  of comets which, o v e r a l l ,  a r e  con- 
s i d e r e d  most s u i t a b l e  f o r  comet miss ions  i n  t h e  next  20 y e a r s .  
It can be seen from t h e  l i s t ,  t h a t  even of t h e s e  b e s t  choice  
comets,  t h e r e  are none which r ep resen t  i d e a l  missions i n  a l l  
r e s p e c t s .  However a mission p r o f i l e  has been compiled f o r  each 
o f  t h e s e  i n t e r c e p t  o p p o r t u n i t i e s  and a r e  descr ibed  i n  Sec t ion  7 .  
6. MISS ION CONSTRAINTS 
The major c o n s t r a i n t s  on i n t e r c e p t  missions t o  p e r i o d i c  
comets a r e  caused by t h e  n a t u r e  of t h e  comet i t s e l f .  Because 
of t h e  c o n t i n u a l  p e r t u r b a t i o n s  t o  comet o r b i t s ,  and t h e  f a c t  
t h a t  t hey  can be observed only over a s m a l l  p a r t  o f  t h e i r  t o t a l  
o r b i t ,  i t  i s  d i f f i c u l t  t o  p r e d i c t  a c c u r a t e l y  t h e  f u t u r e  p o s i t i o n  
of  any comet. 
nucleus makes c l o s e  f ly-by missions (1000 km o r  l e s s )  h e a v i l y  
dependent on midcourse and te rmina l  guidance and c o n t r o l .  
i s  accentua ted  by t h e  i n v a r i a b l y  h igh  s p a c e c r a f t  approach 
v e l o c i t y  ( t y p i c a l l y  10-20 km/sec). 
mission c o n s t r a i n t s  a r e  considered below. 
This  f a c t  toge ther  w i t h  t h e  s m a l l  s i z e  of  t h e  
This  
These and t h e  more normal 













































































































































































































































k a a 
m 
rl 
















































6 . 1  Func t iona l  C o n s t r a i n t s  
6 . 1 . 1  Recovery 
An e s s e n t i a l  a spec t  of a comet i n t e r c e p t  miss ion  
i s  t h a t  t h e  r e t u r n  of t h e  comet be confirmed s u f f i c i e n t l y  i n  
advance o f  t h e  launch d a t e .  A l ead  t i m e  of  60 days i s  con- 
s i d e r e d  adequate  he re .  The recovery o f  t h e  comet i s  t h e  
s t a r t i n g  p o i n t  f o r  a f i n a l ,  a c c u r a t e  de t e rmina t ion  o f  t h e  o r b i t  
o f  t h e  comet and o f  t h e  p o s i t i o n  o f  t h e  comet i n  t h e  o r b i t .  I n  
o r d e r  t h a t  t h e  m i s s  d i s t a n c e  may be minimized i t  w i l l  be 
e s s e n t i a l  t o  con t inue  t h e  r educ t ion  o f  t h e  o r b i t a l  e r r o r s  up 
t o  launch and dur ing  t h e  mission.  
6 .1 .2  Comet Seeker 
For a m i s s  d i s t a n c e  o f  less than  10,000 km i t  w i l l  
be necessa ry  t o  complement even t h e  most a c c u r a t e  Earth-based 
o b s e r v a t i o n  w i t h  an on-board comet seeking  photometer. 
van tage  o f  t h e  s p a c e c r a f t  comet seeker i s  t h a t  i t  provides  a long 
and c a l c u l a b l e  b a s e l i n e  between the s p a c e c r a f t  and t h e  E a r t h  f o r  
t r i a n g u l a t i o n  measurements. 
re la t ive  t o  t h e  E a r t h  can be a c c u r a t e l y  determined us ing  t h e  DSIF 
network. 
Earth-based t e l eccope  w i t h  a 0.1' accuracy on a comet seeke r  
a t  a m i l l i o n  m i l e s  from a comet and 1 / 2  AU from t h e  E a r t h  can  
g i v e  a p o s i t i o n a l  accuracy on the comet nucleus t o  w i t h i n  about 
1000 km. The b i g g e s t  problem wi th  an on-board comet seeke r  
cou ld  be r e c o g n i t i o n  of t h e  comet du r ing  t h e  e a r l y  p a r t  o f  t h e  
The ad- 
The p o s i t i o n  o f  t h e  s p a c e c r a f t  
A combination o f  a 1 second of arc accuracy  on an 
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miss ion .  It i s  probable  t h a t  t h i s  can be achieved spec t ro -  
s c o p i c a l l y  by examining t h e  image f o r  known s t r o n g  l i n e s  i n  
t h e  cometary emission s p e c t r a .  However such a system would 
r e q u i r e  cons ide rab le  development and i t  i s  only  an assumption 
a t  t h i s  t i m e  t h a t  f i n a l  m i s s  d i s t ances  of t h e  o rde r  of 1000 km 
can be achieved.  
6 .1 .3  Guidance and Control 
The way i n  which t h e  guidance and c o n t r o l  r e q u i r e -  
ments have been t r e a t e d  i s  explained i n  more d e t a i l  i n  
Appendix 2 .  The problems m u s t  be cons idered  f o r  each i n d i v i d u a l  
comet i n  t h e  l i g h t  of  t h e  knowledge of t h e  o r b i t  of t h e  comet 
a t  t h e  t i m e  o f  launch. I n  t h e  mission p r o f i l e s  of t h e  next  
s e c t i o n  a m i s s  d i s t a n c e  i s  quoted which i s  based on t h e  p r e s e n t  
knowledge of t h e  comets and on t h e  f a c t  t h a t  some w i l l  have 
a p p a r i t i o n s  before  t h e  i n t e r c e p t  passage and w i l l  be c a r e f u l l y  
observed a t  t h a t  t i m e .  
Correc t ion  o f  t h e  m i s s  d i s t a n c e  i s  cons idered  
i n  t h r e e  phases .  The f i r s t  phase i s  t h e  c o r r e c t i o n  of launch 
e r r o r s  a few days a f t e r  t h e  launch. An average v e l o c i t y  in -  
crement of  about  1 7  m/sec i s  assumed f o r  t h i s .  For a l l  t h e  
comets s e l e c t e d  i t  i s  assumed t h a t  t h e i r  p o s i t i o n s  w i l l  be 
w e l l  enough known t o  a n t i c i p a t e  a m i s s  d i s t a n c e  of 100,000 km 
a f t e r  t h i s  f i r s t  c o r r e c t i o n .  The second phase occurs  about  
midway through t h e  f l i g h t  but  n o t  less than 3 months a f t e r  
launch. The a n t i c i p a t e d  m i s s  d i s t a n c e  a f t e r  t h i s  maneuver i s  
10,000 km but  t h i s  must depend on how w e l l  t h e  cont inued 
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E a r t h  obse rva t ions  and p o s s i b l y  t h e  comet seeke r  d a t a  have 
reduced t h e  r e s i d u a l s  i n  t h e  comet 's  o r b i t a l  parameters .  The 
t h i r d  and f i n a l  phase re l ies  t o  a g r e a t  e x t e n t  on t h e  comet 
seeke r  and i s  used t o  reduce the  m i s s  d i s t a n c e  below 10,300 km 
and i n  some cases t o  1,000 km. This  maneuver w i l l  t a k e  p l a c e  
about  a day be fo re  i n t e r c e p t  and w i l l  r e q u i r e  a major p o r t i o n  
o f  t h e  p ropu l s ion  c a p a b i l i t y .  
6.1.4 Launch Window 
The v a l u e s  of i d e a l  v e l o c i t y  (AV) and approach 
v e l o c i t y  (VHP), given  f o r  t h e  comet mis s ions  i n  Table  6 are 
quoted for  a t h i r t y  day launch  wiridow. 
c a l c u l a t e d  a t  5 day i n t e r v a l s  throughout t h e  p e r i o d  of  i n t e r e s t  
f o r  a number o f  f l i g h t  t i m e s  (TF). 
w i t h  cor responding  v a l u e s  o f  VHP and TF are then  p l o t t e d  as a 
f u n c t i o n  o f  launch d a t e .  A t h i r t y  day p e r i o d  sur rounding  t h e  
optimum launch d a t e  i s  selected as t h e  launch window. The 
These parameters  are 
The minimum v a l u e s  o f  AV 
v a l u e  of i d e a l  v e l o c i t y  quoted i s  t h e  maximum over  t h i s  launch 
window, and t h e  cor responding  range f o r  W P  and t i m e  of f l i g h t  
are  quoted .  
6.1.5 A t t i t u d e  Control  
The comet missions cons ide red  w i l l  r e q u i r e  t h e  
s p a c e c r a f t  t o  be o r i e n t e d  and s t a b i l i z e d .  S ince  a l l  t h e  
mis s ions  w i l l  r e q u i r e  a f i x e d  d i r e c t i o n a l i t y  f o r  e i t h e r  s o l a r  
c e l l s ,  a d i r e c t i o n a l  an tenna ,  o r  b o t h ,  s p i n  s t a b i l i z a t i o n  has  
n o t  been used. However i t  i s  p o s s i b l e  t o  c o n s i d e r  a s p a c e c r a f t  
which i s  s p i n  s t a b i l i z e d  during t h e  i n t e r p l a n e t a r y  f l i g h t  and 
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on ly  has a f i x e d  o r i e n t a t i o n  a t  i n t e r c e p t .  The amount o f  a t t i -  
tude  c o n t r o l  p ropu l s ion  a s s igned  t o  each miss ion  i s  p r o p o r t i o n a l  
t o  t h e  weight  of t h e  s p a c e c r a f t  and t h e  d u r a t i o n  o f  t h e  f l i g h t .  
6 .1 .6  Communications and T e l e m e t r y  
The communications and t e l eme t ry  equipment 
necessa ry  f o r  each miss ion  i s  governed by t h e  r e q u i r e d  b i t  ra te  
and t h e  d i s t a n c e  over  which t h e  informat ion  must be t r a n s m i t t e d .  
F igu re  !-shows a graph o f  i d e a l i z e d  t r a n s m i t t e r  o u t p u t  power a s  
a f u n c t i o n  o f  communications d i s t a n c e  and informat ion  r a t e .  
The system i s  i d e a l i z e d  on ly  i n s o f a r  as an allowance of on ly  
-3 db has  been made f o r  t h e  performance c o e f f i c i e n t .  I d e a l i z e d  
performance i s  assumed f o r  t h e  mission t o  H a l l e y ' s  comet i n  
1986. The r a w  power s u p p l i e d  t o  t h e  t r a n s m i t t e r  i s  assumed t o  
be 10 t i m e s  t h e  t r a n s m i t t e d  power. 
O f  t h e  t h r e e  exper imenta l  payloads d i scussed  i n  
S e c t i o n  4, t h e  most prominent d i f f e r e n c e  i s  t h e  informat ion  
r a t e  and t h e  e f fec t  o f  t h i s  has been inc luded  i n  t h e  mission 
p r o f i l e s .  
s t o r a g e  c a p a c i t y  which ranges  from lo4 t o  10 
s i d e r a b l e  p o r t i o n  o f  t h i s  s t o r a g e  c a p a c i t y  w i l l  be r e q u i r e d  
throughout  t h e  miss ion  f o r  t h e  fas t  response  plasma probe and 
An i n h e r e n t  p a r t  o f  t h e  payloads w i l l  be  a d a t a  
7 b i t s / d a y .  A con- 
magnetometer. The demands made on t h e  communications and telem- 
e t r y  system w i l l  be g r e a t e s t  during i n t e r c e p t .  During much o f  
t h e  i n t e r p l a n e t a r y  phase of the mis s ions ,  t h e  smaller communi- 
c a t i o n s  d i s t a n c e  and t h e  lower r a t e  o f  a c q u i s i t i o n  o f  d a t a  may 
c o n s i d e r a b l y  reduce t h e  communications power requirement .  
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6 .1 .7  Power Supply 
The type  of  power supply  used i n  t h e  miss ions  
has  been determined by t h e  launch d a t e  and by t h e  type  o f  
mission.  
f i r s t  comet miss ion  t o  Tempe1 2 i n  1967. 
an unknown b u t  p o s s i b l y  cons ide rab le  r i s k  of micrometeor i te  
damage t o  t h e  l a r g e  area pane l s  on pass ing  through t h e  coma. 
The o t h e r  s i x  comet miss ions  inco rpora t e  i s o t o p i c  power u n i t s  
which are l a r g e l y  r e s i s t a n t  t o  micrometeor i te  damage. 
t h e y  do impose a s m a l l  p e n a l t y  i n  t h a t  t hey  may r e q u i r e  n u c l e a r  
s h i e l d i n g .  A s p e c i f i c  weight o f  0.75 l b s / w a t t  i s  assumed fo r  
s o l a r  c e l l  power s u p p l i e s  and 1 l b / w a t t  f o r  i s o t o p i c  u n i t s .  
A s o l a r  c e l l  power supply has  been s e l e c t e d  f o r  t h e  
However t h e r e  i s  
However 
6.1.8 R e l i a b i l i t y  
The r e l i a b i l i t y  c o e f f i c i e n t  which can be a t t a c h e d  
t o  each o f  t h e  sugges ted  missions has n o t  been cons ide red  i n  
any d e t a i l  and no allowance has been inc luded  i n  t h e  payload 
weights  because o f  r e l i a b i l i t y  requi rements .  
6 .2  Experimental  Cons t r a in t s  
One o f  t h e  problems i n  g a i n i n g  t h e  optimum s c i e n t i f i c  
v a l u e  from an i n t e r c e p t  mission i s  t h e  d i f f i c u l t y  o f  be ing  
a b l e  t o  determine beforehand t h e  r e q u i r e d  ins t rument  s e n s i t i v i t i e s .  
Despi te  t h e  f a i r l y  good gene ra l  knowledge of comets, t h e r e  i s  
l i t t l e  d e t a i l e d  knowledge o f  the  c o n s t i t u t i o n  of s h o r t  pe r iod  
comets because o f  t h e i r  u s u a l  f a i n t n e s s  and i n a c t i v i t y .  Thus 
when mis s ions  t o  s p e c i f i c  comets are d i s c u s s e d  t h e r e  i s  l i t t l e  
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in format ion  on which t o  bEse t h e  s e n s i t i v i t y  o f  t h e  i n d i v i d u a l  
measuring in s t rumen t s .  
t h e  s i z e  and a lbedo  o f  t h e  nucleus,  t h e  d u s t  d e n s i t y  and t h e  
magnetic f i e l d  i n t e n s i t y .  Thus some measurements w i l l  have t o  
be designed on a b e s t  guess  b a s i s  tempered w i t h  what in format ion  
can be ga ined  from obse rva t ion  of pas ses  be fo re  t h e  one t o  be 
i n t e r c e p t e d .  I n  g e n e r a l ,  however, t h e  same p e r i h e l i o n  passages 
which are s e l e c t e d  f o r  miss ions  a r e  a l s o  b e s t  f o r  obse rva t ions  
from E a r t h ,  and p r i o r  a p p a r i t i o n s  w i l l  probably n o t  add a 
great d e a l  t o  t h e  d e t a i l e d  knowledge o f  t h e  comet. For such 
phenomena as t h e  magnetic f i e l d  a s s o c i a t e d  w i t h  a comet, t h e  
f i r s t  measurements w i l l  have t o  be made r e l y i n g  on a magnetom- 
e ter  range  which w i l l  cover two decades above t h e  i n t e r p l a n e t a r y  
f i e l d  i n t e n s i t y .  
This  will app ly  t o  t h e  ion  d e n s i t i e s ,  
A second l i m i t a t i o n  i n  i n t e r c e p t  experiments  i s  imposed 
by t h e  h igh  s p a c e c r a f t  approach v e l o c i t y  which reduces t h e  
s p a t i a l  r e s o l u t i o n  f o r  a given ins t rument  response  t i m e .  How- 
ever, u n l e s s  a v e l o c i t y  r educ t ion  o f  two o r d e r s  of  magnitude 
o r  more can be achieved  a t  i n t e r c e p t ,  i t  i s  perhaps easier t o  
improve ins t rument  performance. For  most miss ions  t h e  p r o p e l l a n t  
weight  r e q u i r e d  t o  achieve  t h e  d e s i r e d  v e l o c i t y  range o f  10-100 
m/sec seems p r o h i b i t i v e .  
example where a retro-maneuver t o  remove t h e  8 km/sec approach 
v e l o c i t y  i s  j u s t  about  f e a s i b l e .  
A mission t o  Kopff i n  1983 i s  one 
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A f u r t h e r  experimental  c o n s t r a i n t  i s  t h e  requirement  
t h a t  t h e  s p a c e c r a f t  da t a  a r e  c o r r e l a t a b l e  w i t h  s imultaneous 
obse rva t ions  from Ear th  where poss ib l e .  One of  t h e  major ob- 
j e c t i v e s  of e a r l y  i n t e r c e p t  missions i s  t o  provide  v e r i f i c a t i o n  
of  t h e  i n t e r p r e t a t i o n  of Earth-based measurements i nc lud ing  t h e  
cometary s p e c t r a ,  t h e  d u s t  concent ra t ion ,  t h e  dus t  p a r t i c l e  
s i z e s  and t h e  models of t h e  nucleus.  This  r e q u i r e s  t h a t  t h e  
comet be f a i r l y  b r i g h t  and def inable  a t  i n t e r c e p t ,  which f o r  
p e r i o d i c  comets means t h a t  they should be f a i r l y  near  t o  t h e  
Ea r th .  This c o n s t r a i n t  has been inc luded  i n  t h e  s e l e c t i o n  
c r i t e r i a  f o r  t h e  comets l i s t e d  i n  Table  6.  
6 . 3  Environmental Cons t ra in ts  
The a n t i c i p a t e d  f l u x  of dus t  p a r t i c l e s  i n  t h e  coma i s  
expected t o  be q u i t e  l a r g e  compared w i t h  i n t e r p l a n e t a r y  space 
o r  even wi th  meteor s t reams which, i n  t h e  f e w  cases  where 
d a t a  have been ob ta ined ,  have given count  ra tes  of a few pe r  
minute .  The r e l a t i v e l y  high f lux  p r e s e n t s  a hazard i n  terms 
of  c o l l i s i o n  w i t h  t h e  s p a c e c r a f t .  The main s t r u c t u r e  of  t h e  
s p a c e c r a f t  can probably surv ive  micrometeori te  e ros ion  but  
many o f  t h e  e l e c t r o n i c  components w i l l  r e q u i r e  s h i e l d i n g .  The 
most d i f f i c u l t  i t e m s  t o  s h i e l d  w i l l  be t h e  ins t ruments  w i th  
a p e r t u r e s  t h a t  must be d i r e c t e d  towards t h e  nucleus.  These 
i n c l u d e  t h e  plasma probes,  mass spec t rometer ,  t h e  comet seeke r ,  
and t h e  t e l e v i s i o n  s y s t e m .  The magnetometers which mus t  be 
magne t i ca l ly  exposed may a l so  r e q u i r e  s h i e l d i n g .  It i s  not  
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p o s s i b l e  t o  determine t h e  f u l l  e x t e n t  of  micrometeor i te  
damage on pass ing  through a coma and c e r t a i n l y  i t  w i l l  va ry  
from comet t o  comet. For t h e  moment, a g r o s s  weight  allowance 
has  been made but  t h i s  should be cons idered  i n  more d e t a i l  f o r  
t h e  f i n a l  s p a c e c r a f t  des ign .  
Radia t ion  damage t o  t h e  s p a c e c r a f t  i n  t h e  v i c i n i t y  o f  
t h e  comet should be no d i f f e r e n t  from t h a t  i n  t h e  i n t e r p l a n e t a r y  
medium. The main sources  w i l l  be  t h e  s o l a r  wind, s o l a r  p ro tons ,  
cosmic r a y s  and perhaps e lec t romagnet ic  r a d i a t i o n  from t h e  Sun. 
For t h e  comet mis s ions  d i scussed  l a t e r ,  one i s  sugges ted  w i t h  
s o l a r  ce l l s  as a power supply .  
a r a d i o a c t i v e  i s o t o p i c  power supply w i t h  i t s  i n h e r e n t  r a d i a t i o n  
hazard.  
The o t h e r  s i x  have been a s s i g n e d  
The tempera ture  o f  t h e  s p a c e c r a f t  i s  governed l a r g e l y  
by i t s  h e l i o c e n t r i c  d i s t a n c e  and t o  some e x t e n t  by i t s  a t t i t u d e .  
For a l l  t h e  miss ions  cons idered ,  p r e s e n t  technology i s  adequa te ly  
developed t o  ma in ta in  a l l  p a r t s  o f  t h e  s p a c e c r a f t  w i t h i n  working 
tempera ture  l i m i t s .  This  may b e  achieved through h e a t  b a r r i e r s ,  
r e f l e c t i v e  c o a t i n g s ,  louvers  o r  i f  necessa ry  through l o c a l  
tempera ture  c o n t r o l l e d  enc losu res .  
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7.  SUMMARY OF COMET MISSIONS 
A t o t a l  of  f ive comet a p p a r i t i o n s  have been s e l e c t e d  
a s  t h e  most s u i t a b l e  f o r  i n t e r c e p t  missions i n  t h e  next  two 
decades.  The s e l e c t i o n  has been made from a l l  t h e  a p p a r i t i o n s  
of those  p e r i o d i c  comets which have been observed on a t  l e a s t  
two r e c e n t  passages and which w i l l  pass through p e r i h e l i o n  
be fo re  1986, Of t h e  110 a p p a r i t i o n s  cons idered ,  t h e  f i v e  
chosen provide t h e  b e s t  combination of e a r l y  recovery ,  b r i g h t -  
ness  a t  p e r i h e l i o n ,  and amenable f l i g h t  parameters  f o r  t h e  
miss ion .  Table  7 l i s t s  seven missions t o  t h e  f i v e  comets and 
shows t h e  high approach v e l o c i t y  which t y p i c a l l y  occurs  wi th  
d i r e c t  f l i g h t s  t o  p e r i o d i c  comets. 
Table  8 l i s t s  t h e  s p e c i f i c  impulse which would have t o  
be a p p l i e d  a t  t h e  comet i n  order  t o  match t h e  s p a c e c r a f t  and 
comet v e l o c i t i e s .  The payload f r a c t i o n  i s  de f ined  as t h e  r a t i o  
of  t h e  weight  of t h e  s p a c e c r a f t  t r a v e l i n g  w i t h  t h e  comet ( i .e.  
a f t e r  t h e  t e rmina l  maneuver) t o  t h e  t o t a l  weight  i n j e c t e d  i n t o  
t h e  t r a n s f e r  o r b i t  from E a r t h  t o  t h e  comet, Tankage i s  def ined  
a s  t h e  s t r u c t u r e  and adapter  of t h e  t e r m i n a l  maneuver rocke t  
system and given as a percentage of  t h e  t o t a l  weight  i n j e c t e d  
from E a r t h  o r b i t .  Although the  tankage a l s o  a t t a i n s  a v e l o c i t y  
match i t  i s  not  inc luded  i n  t h e  above u s e f u l  s p a c e c r a f t  weight .  
The c a l c u l a t e d  Isp va lues  assume 600 m/sec f o r  midcourse guidance 
and t h e  approach v e l o c i t y  quoted, Three payload f r a c t i o n s  a r e  
inc luded ,  i , e .  z e r o ,  0.05 and 0 , l  and i n  each case tankage 
percentages  of 5% and 10% have been assumed, It can be seen 
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N S T I T U T E  
from t h e  t a b l e  t h a t  almost a l l  t he  r e q u i r e d  Ispts are way beyond 
t h e  s t a t e  of  t h e  a r t  f o r  s t o r a b l e  p r o p e l l a n t s .  
b l e  o p p o r t u n i t y  i s  f o r  Kopff i n  1983 and f o r  an  0.05 payload 
f r a c t i o n  and on ly  5% tankage the  r e q u i r e d  Isp i s  380 secs. 
Even t h i s  would seem o p t i m i s t i c  fo r  s t o r a b l e  chemical  p r o p e l l a n t s .  
By way o f  an example t h e  Kopff v e l o c i t y  matched miss ion  has  
been inc luded  i n  t h e  miss ion  p r o f i l e s .  
The o n l y  p o s s i -  
The conclus ion  i s  t h a t  v e l o c i t y  matching f o r  a lmost  a l l  
comet i n t e r c e p t  miss ions  i s  n o t  on ly  d i f f i c u l t  bu t  i t  imposs ib le  
chemica l ly .  I n  g e n e r a l  i t  appears t h a t  modes o f  f l i g h t  o t h e r  
t han  d i r e c t  w i l l  be necessary  t o  achieve  a v e l o c i t y  match w i t h  
comets. Obvious p o s s i b i l i t i e s  a r e  g r a v i t y  ass is t  maneuvers o r  
t h r u s t e d  t ra jector ies .  
7 . 1  Mission t o  P e r i o d i c  Comet Tempel  2 (1967: 
Tempel 2 has made 13 observed appearances s i n c e  i t  w a s  
d i scove red  i n  1873. 
magnitude 10 i t  has been recovered as much as 419 days b e f o r e  
p e r i h e l i o n .  A t  p e r i h e l i o n  i n  1967 t h e  E a r t h  w i l l  be a s  c l o s e  
a s  i t  ever g e t s  t o  t h e  comet and a n  e a r l y  recovery  should  be 
almost  c e r t a i n .  The l i m i t e d  s p e c t r a l  d a t a  on Tempel 2 shows 
CN and C as t h e  s t r o n g e s t  l i n e s  bu t  no r e f l e c t i o n  continuum i s  
Although it never  appears  b r i g h t e r  t han  
i n d i c a t e d  (Bobrovnikoff 1927). A coma diameter  o f  5 x 10 4 km 
may be a n t i c i p a t e d  from p a s t  appearances.  
The miss ion  c h a r a c t e r i s t i c s  are summarized i n  Table 9 
and F igure  2. The miss ion  which has been s e l e c t e d  and f o r  which 
t h e  payload i s  g iven  i n  Table  10, i s  f o r  a 2'.0 l b .  payload 
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launched w i t h  an Atlas-Agena. The sma l l  payload has  been chosen 
p a r t l y  because o f  t h e  re la t ive ly  s h o r t  l e a d  t i m e  i f  t h i s  miss ion  
i s  t o  be accomplished and p a r t l y  because i t  would be t h e  f i r s t  
e x p l o r a t o r y  comet mission.  
i n  p r e s e n t  technology t o  genera te  t h i s  s p a c e c r a f t  which would 
be e s s e n t i a l l y  an ex tens ion  of t h e  P ioneer  series.  
m i s s  d i s t a n c e  of 10,000 km is  assumed t o  be p o s s i b l e  us ing  
Earth-based obse rva t ions  o f  t h e  comet from recovery and through- 
ou t  t h e  miss ion .  It i s  no t  thought t h a t  a s u i t a b l e  comet seeke r  
w i l l  be a v a i l a b l e  for  t h e  mission. 
l a r g e  m i s s  d i s t a n c e  i t  has n o t  been necessa ry  t o  i n c l u d e  i n  t h e  
payload any in s t rumen t s  t o  observe t h e  nuc leus .  Rather  t h e  
emphasis i s  p l aced  on ob ta in ing ,  f o r  t h e  f i r s t  t i m e ,  p a r t i c l e  
and f i e l d  d a t a  from t h e  coma of t h e  comet. 
No major advances would be r e q u i r e d  
The e s t ima ted  
I n  view of  t h e  r e l a t i v e l y  




SUMMARY OF CHARACTERISTICS FOR MISSION 
TO TEMPEL 2 (1967) 
O r b i t a l  Parameters f o r  Tempe1 2 
Per iod  5.26 y r s  E c c e n t r i c i t y  0.550 
Semi-major a x i s  0.32 AU Long. of asc. node 119.3" 
I n c l i n a t i o n  12"  Arg o f  p e r i h e l i o n  191" 
Mission C h a r a c t e r i s t i c s  
P e r i h e l i o n  d a t e  
Launch d a t e  
F l i g h t  t i m e  (TF) 
Communications d i s t a n c e  (RC) 
I d e a l  v e l o c i t y  (AV) 
Approach v e l o c i t y  (VHP) 
R e  cove r y  
Expected m i s s  d i s t a n c e  
T ime  pas s ing  through coma 
Magnitude a t  i n t e r c e p t  
13 Aug 1967 
1 A p r i l  1967 
110-135 days 
0.42 AU 
43,000 f t / sec  
11-12 km/sec 
110 days b e f o r e  launch 
10,000 k m  
1 hour 
10 
Launch Vehic le  Payload C a p a b i l i t y  
T a t  Improved De l t a  125 l b s .  
Atlas-Agena 250 l b s .  
Atlas-Centaur  1300 l b s .  






Pc ’ PERIHELION OF COMET 
F i g u r e  2 135 DAY TRAJECTORY TO TEMPEL 2 




PAYLOAD FOR TEMPEL 2 FLY-BY MISSION (1967) 
Experimental  Payload 1 ( s e e  page 2 4 )  
T r a n s m i t t e r  ( 2  w a t t s  20 b/sec  85'  DSIF) 
Antenna (18 db 1 . 5 '  d i a )  
Data encoder ,  s t o r a g e ,  e t c .  
Power supply  ( 5 0  w a t t s  s o l a r  c e l l )  
B a t t e r i e s  
Comet s e e k e r  
S h i e l d i n g  
S t r u c t u r e  
Guidance and a t t i t u d e  motors (less p r o p e l l a n t )  
Spacec ra f t  weight  a t  i n t e r c e p t  
A t  t i  tude  p r o p e l l a n t  
Midcourse p r o p e l l a n t  (100 m/sec Isp= 225 s e c s )  
25 l b s .  
5 
5 







160 l b s .  
10 
10 -
Spacec ra f t  weight  a t  s t a r t  o f  t r a j e c t o r y  180 l b s .  
60 -E f f e c t i v e  weight o f  shroud and a d a p t e r  
T o t a l  effect ive payload weight  -O % l b s .  240 +10 
Launch Vehicle  
Atlas-Agena 
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7 . 2  Missions t o  P e r i o d i c  Comet Encke (1974) 
Due t o  t h e  s h o r t  o r b i t a l  p e r i o d  o f  Encke i t  has been 
observed on no less than  47 p e r i h e l i o n  passes .  The s h o r t  
p e r i h e l i o n  d i s t a n c e  (0.3 AU) makes i t  r e l a t i v e l y  b r i g h t  nea r  
p e r i h e l i o n  b u t  i t  i s  d i f f i c u l t  t o  observe  because o f  i t s  
proximi ty  t o  t h e  Sun. 
about 40 days a f t e r  p e r i h e l i o n .  
Consequently i n t e r c e p t  i s  p r e f e r r e d  a t  
The f r equen t  obse rva t ion  of Encke has  r e s u l t e d  i n  w e l l  
e s t a b l i s h e d  o r b i t a l  parameters  and w e l l  c a l c u l a t e d  p e r t u r b a t i v e  
i n f l u e n c e s .  The secular p e r t u r b a t i o n  i n d i c a t e s  a mass loss  of 
some 0.2% p e r  o r b i t  (Whipple 1950), and t h e  d u s t  f r a c t i o n  
a p p a r e n t l y  c o n t r i b u t e s  t o  t h e  Taurid meteor showers. However 
no r e f l e c t i o n  continuum i s  observed i n  t h e  s p e c t r a  o f  Encke 
and i t  i s  assumed t o  have a p r i m a r i l y  gaseous coma and t a i l .  
The compounds which have been d e t e c t e d  i n  t h e  coma o f  Encke are 
CN, C 2 ,  C3 ( s t r o n g e r  i n  1947 than i n  1937), NH, OH (no t  as 
s t r o n g  as NH), and CH (Swings and Haser 1961). No r e l i a b l e  
f i g u r e s  a r e  a v a i l a b l e  f o r  t h e  a c t u a l  d e n s i t i e s  o f  t h e  gases  o r  
t h e  d u s t  i n  t h e  coma. The nucleus d iameter  has  been e s t i m a t e d  
as 3 km and a coma diameter  of 10 5 km may be a n t i c i p a t e d .  
The miss ion  c h a r a c t e r i s t i c s  f o r  two p o s s i b l e  miss ions  
are o u t l i n e d  i n  Table  11 and i n  F igu res  3 and 4 .  The r e s p e c t i v e  
payloads are summarized i n  Tables 1 2  and 13. 
One of t h e  e s s e n t i a l  d i f f e r e n c e s  between t h e  mis s ions  
i s  t h e  f l i g h t  times which f o r  mission 1 r e q u i r e s  launch p o s s i b l y  
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befo re  recovery of t h e  comet. This however i s  n o t  a n  extreme 
c o n s t r a i n t  f o r  Encke s i n c e  i t  i s  probably t h e  most p r e d i c t a b l e  
o f  a l l  comets from o r b i t  t o  o r b i t .  
i s  l i k e l y  t o  p r e s e n t  r e l i a b i l i t y  problems by 1974, 
c a n t  d i f f e r e n c e s  i n  i d e a l  v e l o c i t y  r e q u i r e d  f o r  t h e  miss ions  
are r e f l e c t e d  i n  t h e  l i s t e d  vehicle-payload combinations.  The 
approach v e l o c i t y  i s  h igh  f o r  both cases. 
Ne i the r  o f  t h e  f l i g h t  t i m e s  
The s i g n i f i -  
The payload combination chosen f o r  mission 1 (Table 12) 
r e l i e s  on a f a i r l y  c l o s e  passage o f  t h e  nucleus t o  j u s t i f y  t h e  
f u l l  experimental  payload w i t h  an u n r e s t r i c t e d  d a t a  r a t e .  
m i s s  d i s t a n c e  w i l l  no t  be easy  t o  accomplish even though t h e  
o r b i t a l  elements f o r  Encke a r e  w e l l  e s t a b l i s h e d .  Redundancy 
has been inc luded  i n  t h e  form of a d u p l i c a t e  comet: seeker. 
Also 800 m / s e c  has  been allowed f o r  midcourse guidance. 
This  
Mission 2 (Table 13) has been a l l o c a t e d  t h e  same f u l l  
experimental  payload w i t h  an u n r e s t r i c t e d  d a t a  rate.  The same 
m i s s  d i s t a n c e  o f  1000 km r e q u i r e s  an  allowance o f  1 km/sec f o r  
midcourse guidance because o f  the h ighe r  approach v e l o c i t y .  
I I T  R E S E A R C H  I N S T I T U T E  
49 
Table 11 
SUMMARY OF CHARACTERISTICS FOR MISSIONS 
TO ENCKE (1974) 
Orbital Parameters for Encke 
Period 3.3 yrs 





Flight time (TF) 
Communications distance (RC) 
Ideal velocity (AV) 
Approach velocity (VHP) , 
Recovery (days before launch) 
Expected miss distance 
Time passing through coma 
Magnitude at intercept 






Long. of asc. node 334" 
Arg of perihelion 186 O 
Mission 1 
28 Apr 1974 










28 Apr 1974 


















30 DAY INTERVALS 
AFTER LAUNCH 
R .  
DEC 
F i g u r e  3 250 DAY TRAJECTORY TO ENCKE ( M I S S I O N  1) 
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Table 1 2  
PAYLOAD FOR ENCKE FLY-BY MISSION 1 ( 1 9 7 4 )  
Experimental  payload 3 ( see  page 2 6 )  
Transmi t t e r  ( 2  w a t t s  625 b / sec  210' DSIF) 
Antenna ( 2 5  db 3 '  d i a )  
Power supply  (100 w a t t s  RTG) 
Batteries 
Comet seeke r  ( d u p l i c a t e )  
S h i e l d i n g  
S t r u c t u r e  
Guidance and a t t i t u d e  motors ( l e s s  p r o p e l l a n t )  
Data encoder ,  s t o r a g e ,  e t c .  (10 7 b i t s  s t o r a g e )  
Spacec ra f t  weight a t  i n t e r c e p t  
A t t i t u d e  p r o p e l l a n t  
Midcourse p r o p e l l a n t  (800 m/sec Isp= 225 secs) 
Effective weight of shroud and a d a p t e r  
Spacec ra f t  weight a t  s t a r t  o f  t r a j e c t o r y  
T o t a l  e f fec t ive  payload weight  
Launch Vehic le  
SLV 3X-Kick 








7 5  
30 -
4 0 0  l b s .  
50  
200 
650  l b s .  
-
90 _ _  -
740  ::% l b s .  








Pc = PERIHELION OF C O M E T  
F i g u r e  4 110 DAY TRAJECTORY TO ENCKE (MISSION 2 )  
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Table 13 
PAYLOAD FOR ENCKE FLY-BY MISSION 2 (1974)  
Experimental  payload 3 ( s e e  page 26) 
T r a n s m i t t e r  (2  w a t t s  625 b / sec  210’ DSIF) 
Antenna (25 db 3’  d i a )  
Power supply  (100 watts RTG) 
B a t t e r i e s  
Comet s e e k e r  ( d u p l i c a t e )  
S h i e i d i n g  
S t r u c t u r e  
Guidance and a t t i t u d e  motors (less p r o p e l l a n t )  
Data encoder ,  s t o r a g e ,  e tc .  (10 7 b i t s  s t o r a g e  
Spacec ra f t  weight  a t  i n t e r c e p t  
A t t i t u d e  p r o p e l l a n t  
Midcourse p r o p e l l a n t  (1 km/sec, Isp= 225 s e c s )  
Effect ive weight  o f  shroud and a d a p t e r  
S p a c e c r a f t  weight  a t  s t a r t  of t r a j e c t o r y  
T o t a l  effect ive payload weight 
Launch Vehicle  
SLV 3X-Centaur-Kick 










430 l b s .  
50 
320 
800 l b s .  
-
100 -
900 +5/” - 0, l b s .  
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7 . 3  Mission t o  P e r i o d i c  Comet D ' A r r e s t  (1976) 
D ' A r r e s t  has  been observed a t  10 p e r i h e l i o n  passages  
s i n c e  i t s  d iscovery  i n  1851. Its o r b i t a l  elements a r e  w e l l  
known and t h e  e s t a b l i s h e d  s e c u l a r  p e r t u r b a t i o n s  i n d i c a t e  a mass 
loss  o f  0.05% p e r  passage ( n i p p l e  1950).  However a f a i r l y  
l a r g e  p e r t u r b a t i o n  by J u p i t e r  i s  expec ted  i n  1968 and t h e  ca l -  
c u l a t e d  change i n  t h e  o r b i t a l  parameters w i l l  p rovide  an 
unusua l ly  b r i g h t  (mag 7) a p p a r i t i o n  i n  1976 (Narin,  Re jze r  1965) .  
I n  p rev ious  passages  t h e  comet has  appeared d i f f u s e  and t o o  
f a i n t  f o r  d e t a i l e d  spec t roscop ic  a n a l y s i s .  Thus t h e  f i n a l  
s p e c i f i c a t i o n s  f o r  t h e  experiments on t h e  miss ion  shou ld  await 
o b s e r v a t i o n  of D 'Arres t  i n  1970 and t h e  r e s u l t s  of miss ions  t o  
o t h e r  comets. 
t i ve  from both  a t r a j e c t o r y  po in t  of view and i t s  expec ted  
b r i g h t n e s s  a t  p e r i h e l i o n .  A v i s i b l e  coma d iameter  o f  about  
2 x 10 km may be a n t i c i p a t e d .  
Never the less  t h e  D ' A r r e s t  mission i s  ve ry  a t t r a c -  
5 
Table  14 l i s t s  the  c h a r a c t e r i s t i c s  f o r  t h e  mis s ion  t o  
D ' A r r e s t  i n  1976 and t h e  t r a j e c t o r y  i s  shown i n  F i g u r e  5. The 
payload l i s t e d  i n  Table 15 inc ludes  t h e  f u l l  exper imenta l  pay- 
load  w i t h  t h e  u n r e s t r i c t e d  d a t a  rate.  The m i s s  d i s t a n c e  o f  
1000 k m  should  be a t t a i n a b l e  if a good o r b i t  de t e rmina t ion  i s  
made i n  1970 a f t e r  t h e  J u p i t e r  p e r t u r b a t i o n  and w i t h  a comet 
s e e k e r  on-board. Despi te  the p r e s e n t  l a c k  o f  d e t a i l e d  knowledge 
o f  D ' A r r e s t  i t  s t i l l  o f f e r s  the b e s t  o f  t h e  miss ions  cons ide red  
between 1965 and 1986. 
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Table 14 
SUMMARY OF CHARACTERISTICS FOR MISSION 
TO D'ARREST (1976) 
O r b i t a l  Parameters f o r  ' D '  Arrest (1976) 
Pe r iod  6 . 1  y r s  E c c e n t r i c i t y  0.655 
Semi-major a x i s  3.39 AU Long. of asc. node 141.4' 
I n c l i n a t i o n  16.76 Arg o f  p e r i h e l i o n  178.9' 
Mission C h a r a c t e r i s t i c s  
P e r i h e l i o n  d a t e  
Launch d a t e  
F l i g h t  t i m e  (TF) 
Communications Dis tance  (RC) 
I d e a l  v e l o c i t y  (AV) 
Approach v e l o c i t y  (VHP) 
Recovery 
Expected m i s s  d i s t a n c e  
Time pas s ing  through coma 
Magni t u  de a t  i n t e r c e p t  






13 Aug 1976 
2 1  A p r i l  1976 
100-130 days 
0.18 AU 
41,000 f t / sec  
13 km/sec 
100 days b e f o r e  launch 
1000 km 
4 hours  
7 
620 l b s .  
700 l b s .  
870 l b s .  
2100 l b s .  
2200 l b s .  
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D'A R R E ST - 15 DAY INTERVALS 
AFTER LAUNCH 





Pc PERIHELION OF COMET 
F i g u r e  5 130 DAY TRAJECTORY TO D'ARREST 
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Table 15 
PAYLOAD FOR D'ARREST FLY-BY MISSION (1976) 
Experimental  payload 3 (see page & 6 )  
Transmi t t e r  (1 w a t t  625 b /sec  210' DSIF) 
Antenna (18 db 1 .5 '  d i a )  
Power supply  (100 w a t t s  RTG) 
Batteries 
Comet seeke r  (dup l i ca t e )  
Sh ie ld ing  
S t r u c t u r e  
Guidance and a t t i t u d e  motors ( l e s s  p r o p e l l a n t )  
Data encoder ,  s t o r a g e ,  e t c .  (10 7 b i t s  s t o r a g e )  
Spacec ra f t  weight a t  i n t e r c e p t  










385 l b s .  
A t t i t u d e  p r o p e l l a n t  30 
120 Midcourse p r o p e l l a n t  (400 m/sec Isp= 225 s e c s )  -
Spacec ra f t  weight  a t  s t a r t  of t r a j e c t o r y  535 l b s .  
E f f e c t i v e  weight of shroud and adap te r  
T o t a l  e f f e c t i v e  F . - ; - ~ O E ?  ;:eight 
Launch Vehicle  
Atlas-Agecs 
- 90 
625;:% l b s .  
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7.4 Missions Lo P e r i o d i c  C o m e t  Kopff (1983) 
Kopff has been inc luded  i n  t h e  l i s t  o f  missions p r i n c i -  
p a l l y  because i t  i s  one o f  t h e  few p e r i o d i c  comets which o f f e r  
a f e a s i b l e  rendezvous mission.  The d e t r a c t i n g  f e a t u r e  i s  t h a t  
i t s  b r i g h t n e s s  a t  i n t e r c e p t  w i l l  on ly  be about  magnitude 1 2  
which w i l l  make h igh  q u a l i t y  spec t roscop ic  d a t a  d i f f i c u l t  t o  
o b t a i n  from t h e  Ea r th .  Kopff has been observed on eve ry  o r b i t  
bu t  one s i n c e  i t s  d iscovery  i n  1906 and f o r  i t s  1964 a p p a r i t i o n  
i t s  o r b i t  had been w e l l  p r ed ic t ed .  No c l e a r l y  de f ined  t a i l  i s  
a s s o c i a t e d  w i t h  Kopff bu t  a coma d iameter  o f  l o 5  km may be 
a n t  i c  i p a  t ed . 
The miss ion  c h a r a c t e r i s t i c s  are  shown i n  Table 16 and 
t h e  t r a j e c t o r y  i n  F igu re  6. Two miss ion  p r o f i l e s  are  g iven  i n  
Tables  1 7  and 18, t h e  f i rs t  being f o r  a f ly-by  miss ion  and t h e  
second f o r  a f ly -by  w i t h  a v e l o c i t y  matching maneuver a t  i n t e r -  
c e p t .  The f ly-by  mission i n c o r p o r a t e s  t h e  f u l l  exper imenta l  
payload w i t h  an u n r e s t r i c t e d  da t a  r a t e .  The 1 AU communications 
d i s t a n c e  i s  t h e  main c o n t r i b u t o r  t o  t h e  weight o f  t h e  payload 
which w i l l  r e q u i r e  an Atlas-Centaur launch v e h i c l e .  
For t h e  miss ion  w i t h  v e l o c i t y  matching i t  can be seen  
how expens ive  it i s ,  i n  weight ,  t o  remove t h e  approach v e l o c i t y .  
Even so  t h e  va lues  given are based on an o p t i m i s t i c  Isp = 380 secs 
and a tankage o f  on ly  5%. 
w i t h  a Sa tu rn  1B-Centaur launch v e h i c l e .  
The payload l i s t e d  can be launched 
I I T  R E S E A R C H  I N S T I T U T E  
5 9  
Table 16 
SUMMARY OF CHARACTERISTICS FOR MISSIC" 
TO KOPFF (1983) 
O r b i t a l  Parameters  f o r  Kopff 
Pe r iod  6.32 y r s  E c c e n t r i c i t y  .556 
I n c l i n a t i o n  4.71" Arg o f  p e r i h e l i o n  162" 
Semi-maj o r  a x i s  3.42 Long of asc. node 1 2 1  
Mission C h a r a c t e r i s t i c s  
P e r i h e l i o n  d a t e  
Launch d a t e  
F l i g h t  t i m e  (TF) 
Communications d i s t a n c e  (RC) 
I d e a l  v e l o c i t y  (AV) 
Approach v e l o c i t y  (VHP) 
Recovery 
Expected m i s s  d i s t a n c e  
T ime  pas s ing  through coma 
Magnitude a t  i n t e r c e p t  
Launch Vehicle  Payload Capab i l i t y  
Tat-Kick 
Atlas-Centaur  
SLV 3 X - K i c k  
SLV 3X-Centaur F-Kick 
S a t u r n  1B-Centaur 
Sa tu rn  1B-Centaur F 
18 Aug 1983 
26 Feb 1983 
175-190 days 
1 AU 
43,000 f t / s ec  
8 km/sec 
60 days be fo re  launch 
1000 km 
1 - 1 / 2  hours f o r  f ly -by  
1 2  
600 l b s .  
1300 l b s .  
1600 l b s .  
4500 l b s .  
10,000 l b s .  
12,000 l b s .  
I 




- 15 DAY INTERVALS 
AFTER LAUNCH 




Pc PERIHELION OF COMET 
F i g u r e  6 190 DAY TRAJECTORY TO KOPFF 
DEC 
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Table 1 7  
PAYLOAD FOR KOPFF FLY-BY MISSION (1983) 
Experimental  payload 3 (see page 25)  75 l b s .  
T r a n s m i t t e r  (10 watts 625 b /sec  210’ DSIF) 10 
Antenna (25 db 3 ’  d i a )  10 
Power supply (200 w a t t s  RTG) 200 
30 7 Data encoder ,  s t o r a g e ,  e tc .  (10 b i t s  s t o r a g e )  
Batteries 25 
Comet seeke r  ( d u p l i c a t e )  30 
S h i e l d i n g  40 
S t r u c t u r e  100 
30 Guidance and a t t i t u d e  motors (less p r o p e l l a n t )  -
Spacec ra f t  weight  a t  i n t e r c e p t  550 l b s .  
A t t i t u d e  prope l l a n t  50 
Midcourse p r o p e l l a n t  (250 m/sec Isp= 225 s e c s )  - 100 
S p a c e c r a f t  weight  a t  s t a r t  o f  t r a j e c t o r y  700 l b s .  
100 -Effective weight  of  shroud and a d a p t e r  
T o t a l  e f fec t ive  payload weight  800 +5/” -0, l b s .  
Launch Vehicle  
Atlas-Centaur  
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Table 18 
PAYLOAD FOR KOPFF MISSION 1983 
W I T H  VELOCITY MATCHING 
Experimental  payload 2 (see page 
Transmi t t e r  (2 wat t s  125 b i t s / s e c  210' DSIF) 
Antenna (25 db 3 '  d i a )  
25) 
Data encoder ,  s t o r a g e ,  e t c .  (10 5 b i t s  storage) 
Fower supply (100 w a t t s  RTG) 
Batteries 
Comet seeker (dup l i ca t e )  
Sh ie ld ing  
S t r u c t u r e  
A t t i t u d e  motors (less p r o p e l l a n t )  
Spacec ra f t  weight  a t  i n t e r c e p t  
A t t i t u d e  prope 1 l a n t  
Midcourse p r o p e l l a n t  (250 m/sec Isp = 380 secs) 
Terminal p r o p e l l a n t  (Isp = 380 secs and 
tankage = 5 % )  














Spacec ra f t  weight a t  s t a r t  of t r a j e c t o r y  
E f f e c t i v e  weight of  shroud and adap te r  
( s p a c e c r a f t  on ly )  
9650 l b s .  
200 
T o t a l  e f fec t ive  p a y l m d  weight 
Launch v e h i c l e  
Sa tu rn  1B-Centaur 
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7.5 Mission t o  P e r i o d i c  Comet Hal ley  (1986) 
H a l l e y ' s  comet has been recorded a t  every  passage s i n c e  
239 B.C.  bu t  i t s  l a s t  r e t u r n  i n  1910 i s  by f a r  t h e  b e s t  docu- 
mented. A t  t h a t  t i m e  it w a s  t he  s u b j e c t  o f  world-wide s tudy .  
The t o t a l  mass of  Ha l l ey  has been c a l c u l a t e d  a s  3 x PO1' gms 
(Bobrovnikoff 1931) which, i f  t h e  d e n s i t y  i s  1.3 gm/cc, would 
g i v e  a nucleus diameter  o f  some 20 km. An i n d i r e c t  e s t i m a t e  
was ob ta ined  when Ha l l ey  passed i n  f r o n t  o f  t h e  Sun wi thout  
be ing  n o t i c e a b l e  i n d i c a t i n g  t h a t  i t s  d iameter  i s  less than  
50 km (Watson 1956).  
Spec t roscopic  a n a l y s i s  of  t h e  coma has shown a s t r o n g  
continuum i n d i c a t i n g  a h i g h  dus t  c o n t e n t  and CN, C 2 ,  C3, CH 
w i t h  t h e  C3 much s t r o n g e r  than CN (Swings and Haser 1961).  
C a l c u l a t i o n s  on t h e  t a i l  s p e c t r a  (R ich te r  1963) i n d i c a t e  a 
p a r t i a l  d e n s i t y  f o r  C2 of  10 5 mols/cm 3 . This  l e a d s  t o  a t o t a l  
gas  product ion  f o r  t h e  comet of mols/sec and a t o t a l  
e m i t t i n g  gas  c o n t e n t  f o r  t h e  coma of 1035-10 36 mols a t  any 
i n s t a n t .  The coma diameter  was g r e a t e r  than 3 x LO5 km i n  1910. 
L i l l e r  (1960) and Whipple (1963) have sugges ted  a 
meteor i t ic  mass l o s s  of  some 5 x 1014-10 16 gm p e r  passage,  
t h i s  c o n t r i b u t i n g  t o  t h e  Orionid and Aqui r id  meteor showers. 
From t h i s ,  a v e r y  approximate average d u s t  d e n s i t y  f o r  t h e  coma 
3 can  be c a l c u l a t e d  as 
d u s t  p a r t i c l e  i s  assumed t o  be lo" gms then  t h e  s p a t i a l  d e n s i t y  
gms/km . I f  t h e  average mass o f  a 
w i l l  be 10 6 p a r t i c l e s / k m  3 . Assuming an approach v e l o c i t y  o f  
60 km/sec t h e  f l u x  i n t e r c e p t e d  by t h e  s p a c e c r a f t  w i l l  be some 
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o f  t h e  d u s t  might be expected t o  v a r y  i n v e r s e l y  as t h e  squa re  
o f  t h e  d i s t a n c e  from t h e  nucleus.  I n  t h e  1910 a p p a r i t i o n ,  
bo th  a dus ty  and a gaseous t a i l  were apparent .  The maximum 
t a i l  l e n g t h  w a s  e s t ima ted  as g r e a t e r  than LO7 km. 
A c t u a l l y  t h e  d e n s i t y  
The c h a r a c t e r i s t i c s  f o r  a f ly-by  miss ion  t o  H a l l e y ' s  
comet are summarized i n  Table  19. Ea r ly  recovery  and a r e l a -  
t i v e l y  low i d e a l  v e l o c i t y  are t h e  a t t r a c t i v e  f e a t u r e s .  The 
approach v e l o c i t y  i s  ve ry  h igh  (69 km/sec) due t o  t h e  r e t r o -  
g rade  o r b i t  o f  t h e  comet. The t r a j e c t o r y  i s  shown i n  F igu re  "'. 
There i s  a l a r g e  s c i e n t i f i c  i n t e r e s t  i n  H a l l e y ' s  comet 
and i t  w i l l  be b r i g h t  enough a t  i n t e r c e p t  t o  o b t a i n  s p e c t r o -  
s c o p i c  d a t a  from t h e  Ear th .  However an important  func t ion  o f  
t h e  miss ion  w i l l  be t o  o b t a i n  data on t h e  nuc leus  of  t h e  comet. 
Thus a m i s s  d i s t a n c e  o f  1000 km has been sugges ted ,  which w i l l  
be d i f f i c u l t  b u t  n o t  impossible  t o  a t t a i n .  The h igh  approach 
v e l o c i t y  w i l l  a l s o  make i t  d i f f i c u l t  t o  o b t a i n  a good s p a t i a l  
r e s o l u t i o n  f o r  measurements i n  the coma. Table  20 l i s t s  a 
sugges ted  payload which inc ludes  t h e  f u l l  exper imenta l  package 
w i t h  a n  u n r e s t r i c t e d  d a t a  ra te .  A s u i t a b l e  launch v e h i c l e  w i l l  
be a SLV 3:< -Centaur.  
An a l t e r n a t i v e  approach t o  t h e  Ha l l ey  miss ion  i s  t o  
use  a low t h r u s t  s t a g e  on a Saturn 1B-Centaur. It i s  n o t  
p o s s i b l e  a t  t h i s  t i m e  t o  e s t ima te  t h e  c h a r a c t e r i s t i c s  o f  t h e  
t h r u s t e d  s t a g e  nor t h e r e f o r e  whether t h e  r e q u i r e d  system could  
be a v a i l a b l e  by 1985. However two p o s s i b i l i t i e s  e x i s t :  
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a) an i n t e r c e p t  mission us ing  a l o w  t h r u s t  t r a j e c t o r y  may have 
a cons ide rab ly  smaller approach v e l o c i t y  than  t h e  b a l l i s t i c  
t r a j e c t o r y  and b)  a low t h r u s t  rendezvous mission may be far 
more f e a s i b l e  than i n  t h e  b a l l i s t i c  case. There i s  c l e a r l y  a 
requirement  f o r  f u r t h e r  s tudy  of low t h r u s t  t r a j e c t o r i e s  f o r  
comet miss ions .  
I I T  R E S E A R C H  I N S T I T U T E  
66 
Table 19 
SUMMARY OF CHARACTERISTICS FOR MISSION TO 
HALLEY (1986) 
O r b i t a l  Parameters f o r  Hal ley  (1986) 
Pe r iod  75.9 E c c e n t r i c i t y  51.967 
Semi-major a x i s  17.9 Long. of asc. node 58' 
I n c l i n a t i o n  162.2' Arg o f  p e r i h e l i o n  111.7' 
Mission C h a r a c t e r i s t i c s  
P e r i h e l i o n  d a t e  
Launch d a t e  
F l i g h t  t i m e  (TF) 
Communications d i s t a n c e  (RC) 
I d e a l  v e l o c i t y  (AV) 
Approach v e l o c i t y  (VHP) 
Recovery 
Expected m i s s  d i s t a n c e  
T i m e  pas s ing  through coma 
Magnitude a t  i n t e r c e p t  




T i t a n  I I I - C  
SLV 3X-Centaur F 
8 J a n  1986 
J u l y  1985 
210 days 
1.25 AU 
42,500 f t / sec  
69 km/sec 




1500 l b s .  
1700 l b s .  
2100 l b s .  
2300 l b s .  
3100 l b s .  






Pc = PERIHELION OF COMET 
F i g u r e  7 210 DAY TRAJECTORY TO HALLEY 
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I Table 20 
T o t a l  effective weight o f  payload 
1 
Launch Vehicle  
PAYLOAD FOR FLY-BY MISSION TO HALLEY (1986) 
Experimental  Payload 3 ( s e e  page 2;) 75 l b s .  
T r a n s m i t t e r  (10 w a t t s  62.5 b i t s l s e c  210' DSIF) 10 
Antenna (25 db 3') 10 
30 Data encoder ,  s t o r a g e ,  e t c .  (10 7 b i t s  s t o r a g e )  
Power supply  (200 w a t t s  RTG) 200 
B a t t e r i e s  30 
Comet s e e k e r  ( d u p l i c a t e )  30 
I S h i e l d i n g  
S t r u c t u r e  
Guidance and a t t i t u d e  motors ( l e s s  p r o p e l l a n t )  , S p a c e c r a f t  weight  a t  i n t e r c e p t  
I A t t i t u d e  p r o p e l l a n t  
,. - _  SLV - .L-Centaur 








1635 l b s .  
250 -
1885 ::% l b s .  
. 
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MEDIAN PARAMETERS OF COMETS 
WITH PERIODS LESS THAN 100 YEARS 
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Appendix 1 
MEDIAN PARAMETERS OF COMETS WITH PERIODS LESS 
THAN 100 YEARS 
Positional Elements 




Median perihelion distance 
Median Aphelion distance 
Median semi-major axis 
Orbital direction 
Physical Elements 
Diameter of coma 
Diameter of central condensation 
Ion densities in coma 
Diameter of nucleus 
Length of tail (visible to eye) 
Solar distance at which tail appears 
Upper limit of mass for large comets 
For faint small comets 
Average density of coma or head 
Average density of tail 
Median absolute magnitude at r = 1, 




Change of ma nitude with solar and 








Direct (exception Halley) 
-
0.56 (lowest - 0.135 3 
20,000 - 2,000,000 km 
2000 km 
1 - 10 km 
10 x 106 km (u 
104 - 106 ionsjcm3 
to 
150 x 106 km P 
1.7 AU 
6 x 1018 gm 





18 - 19 magnitude 
m = m + 2 . 5  n log r + 5 lo A, where 
n = 4.5 + 1.5 (n not 
necessarTly constant 
for any comet) 
I l l  R E S E A R C H  I N S T I T U T E  
74 
Spectra (atoms, molecules, ions, continuum). 
Nucleus 
Strong solar continu6m with Fraunhofer lines , 
CH, CH2 (tentative) 
Coma -
Solar continuum also usually present,C2 (swan 
bands), CN (violet and red bands), CH (3900 
bands), OH (3064 system), NH (3360 s stem), 
well established), NH2 (?), Na-D lines (the 
sodium D-doublet appears in emission in the 
central part of the head. Some observers 
have reported Fe and Ni lines also.) 
-Cg (4050 group), OH+ (tentative), C d  (fairly 
Tail -
Solar continuum may be present at small helio- 
centric distances. Only molecular ions are 
found at large distances from the head. 
major constituent (Baldet-Johnson band) 
major constituent (comet tail band), C& mznor 
constituent, OH+, CO2+, some unassigned emission. 
CO+ 
N + 
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A p p e n d i x  2 




GUIDANCE AND CONTROL FOR COMET MISSIONS 
1. INTRODUCTION 
The s c i e n t i f i c  experiments and measurements expec ted  
t o  be made on f u t c r e  comet missions may r e q u i r e  t h a t  t h e  space  
probe p e n e t r a t e  t h e  coma t o  w i t h i n  10,000 km, and i n  some cases 
t o  1,000 km of  t h e  comet nucleus.  The most impor tan t  guidance 
c o n s t r a i n t  f o r  missions o f  t h i s  type  i s  t h e  m i s s  d i s t a n c e .  
Accordingly,  t h e  f a c t o r s  t h a t  i n f l u e n c e  t h e  m i s s  d i s t a n c e ,  i t s  
measurement and c o r r e c t i o n  are cons idered  h e r e .  A d e t a i l e d  
e r r o r  a n a l y s i s  o f  guidance systems and t r a j e c t o r y  e r r o r  i s  
beyond t h e  scope o f  t h i s  s tudy ,  and t h i s  appendix a t t empt s  t o  
d e f i n e  an average s e t  o f  guidance and c o n t r o l  c o n s t r a i n t s  which 
c a n  be a p p l i e d  t o  a l l  miss ions  cons ide red  i n  t h i s  s tudy .  
i s  d e f i n e d  i n  t h e  u s u a l  manner as be ing  the components of 
h e l i o c e n t r i c  p o s i t i o n  e r r o r  l y i n g  i n  t h e  
p l a n e  which i s  c e n t e r e d  a t  the  t a r g e t  body and normal t o  t h e  
re la t ive  i n t e r c e p t  v e l o c i t y  d i r e c t i o n .  
Miss 
I t  t a r g e t "  o r  "impact" 
Following t h e  launch of  a comet probe t h e r e  w i l l  be 
e r r o r s  i n  t h e  t r a j e c t o r y  due t o  u n c e r t a i n t y  i n  t h e  p o s i t i o n  
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and v e l o c i t y  o f  t h e  probe and the  p o s i t i o n  of t h e  t a r g e t  comet. 
These e r r o r s  should be c o r r e c t e d  as soon as p o s s i b l e  a f t e r  
launch t o  minimize t h e  v e l o c i t y  increment r e q u i r e d .  It i s  
assumed t h a t  a t y p i c a l  r e s i d u a l  e r r o r  i n  m i s s  d i s t a n c e  fo l lowing  
a p o s t - i n j e c t i o n  c o r r e c t i o n  e f f e c t e d  w i t h i n  10 days of launch 
w i l l  be o f  t h e  o r d e r  100,000 km. 
Unlike p l a n e t a r y  o r b i t s ,  t h e  o r b i t s  of  even t h e  b e s t  
known comets are n o t  a t  p r e s e n t  determined t o  a h igh  degree of  
accuracy.  An e r r o r  o f  up t o  one day i n  t h e  t i m e  o f  p e r i h e l i o n  
passage i s  n o t  uncommon. 
on s e v e r a l  non thso f  DSIF s p a c e c r a f t  t r a c k i n g  and ground-based 
comet obse rva t ions  c o r r e c t s  f o r  comet o r b i t  de t e rmina t ion  
e r r o r s  t o  t h e  e x t e n t  t h a t  they  have been r e s o l v e d  s i n c e  recovery.  
It i s  f u r t h e r  assumed t h a t  a t  l e a s t  one o r d e r  of magnitude 
r e d u c t i o n  i n  m i s s  can be expected from t h e  midcourse c o r r e c t i o n .  
Thus t h e  r e s i d u a l  e r r o r  i n  m i s s  d i s t a n c e  fo l lowing  t h e  mid- 
cour se  c o r r e c t i o n  should be of o r d e r  10,000 km. This  c o r r e c t i o n  
i s  t y p i c a l l y  performed 3 months fol lowing launch and i s  l i k e l y  
t o  r e q u i r e  about t h e  same v e l o c i t y  increment as t h e  i n j e c t i o n  
guidance c o r r e c t i o n .  
A midcourse v e l o c i t y  c o r r e c t i o n  based 
I n  o r d e r  t o  f i n a l l y  approach t h e  comets '  nuc leus  with-  
i n  1 ,000 km, on-board guidance w i l l  a lmost  c e r t a i n l y  be r e q u i r e d .  
Terminal  maneuvers can be performed w i t h i n  t h e  l a s t  f e w  days 
o f  t h e  miss ion  and achieve  t h e  d e s i r e d  m i s s  d i s t a n c e  a t  i n t e r -  
c e p t .  
l a r g e s t  of t h e  c o r r e c t i o n s  involved i n  comet f ly-by  miss ions .  
The f u e l  requirement  f o r  t h i s  maneuver i s  by f a r  t h e  
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A t y p i c a l  mission p r o f i l e  showing p o s t - i n j e c t i o n ,  mid- 
course and t e r m i n a l  guidance c o r r e c t i o n s  i s  p resen ted  i n  
F igure  A - 1  f o r  a 190 day miss ion  t o  Kopff. 
2. POST-INJECTION GUIDANCE CORRECTIONS 
One r igo rous  way o f  determining i n j e c t i o n  ( launch)  
e r r o r s  i s  t o  conduct a d e t a i l e d  e r r o r  a n a l y s i s  of t h e  i n j e c t i o n  
guidance system. This  involves  d e s i g n a t i n g  each source  o f  
hardware e r r o r  and gene ra t ing  launch t r a j e c t o r i e s  f o r  each 
mission.  This  type  of  complete s i m u l a t i o n  i s  n o t  w i t h i n  t h e  
scope of t h e  p r e s e n t  s tudy .  A s impler  method i s  t o  assume 
e r r o r s  i n  t h e  hyperbolic excess  v e l o c i t y  components a t  launch. 
Two a l t e r n a t i v e s  are suggested.  The f i r s t  assumes e r r o r  mag- 
n i t u d e s  p r o p o r t i o n a l  t o  t h e  magnitude of  t h e  hyperbol ic  v e l o c i t y  
f o r  a g iven  miss ion .  The second assumes c o n s t a n t  e r r o r  mag- 
n i t u d e s  f o r  a l l  miss ions .  Obviously, n e i t h e r  a l t e r n a t i v e  i s  
t r u l y  r e p r e s e n t a t i v e  o f  t h e  a c t u a l  case .  It w a s  dec ided  t h a t  
there w a s  no s t r o n g  j u s t i f i c a t i o n  f o r  assuming t h e  f i r s t  a l t e r -  
n a t i v e  t o  be more r e p r e s e n t a t i v e  than  t h e  second, bu t  a t  l e a s t  
t h e  d e s i g n a t i o n  o f  c o n s t a n t  e r r o r s  y i e l d s  r e s u l t s  which are 
a k i n  t o  b a s i c  e r r o r  s e n s i t i v i t i e s ,  and s ince  t h e  a n a l y s i s  i s  
l i n e a r ,  t h e  r e s u l t s  can be e a s i l y  modif ied o r  a d j u s t e d .  For 
t h i s  r eason ,  t h e  second al ternat ive was chosen. 
Constant  e r r o r s  of 10 m/sec i n  each o f  t h r e e  mutua l ly  
o r t h o g o n a l  v e l o c i t y  components are assumed i n  t h e  d e s i r e d  in -  
j e c t i o n  v e l o c i t y .  This  y i e l d s  a r o o t  mean square  v e l o c i t y  
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- 15 DAY INTERVALS 
AFTER LAUNCH 
DEC 
Pc PERIHELION OF COMET 
F i g u r e  A l .  GUIDANCE REQUIREMENTS FOR 
M I S S I O N  TO KOPFF 
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increment of  1 7 . 3  m/sec. This va lue  has been assumed as t h e  
p o s t - i n j e c t i o n  guidance c o r r e c t i o n  r e q u i r e d  f o r  a l l  miss ions .  
3 .  MIDCOURSE GUIDANCE CORRECTIONS 
Following t h e  p o s t - i n j e c t i o n  c o r r e c t i o n ,  t h e  r e s i d u a l  
e r r o r  i n  t h e  m i s s  d i s t a n c e  i s  assumed t o  be h/lOO,OOO km due 
mainly t o  t h e  u n c e r t a i n t y  i n  t h e  p o s i t i o n  of  t h e  t a r g e t  comet 
i n  i t s  t r a j e c t o r y .  
w i t h  t h e  p o s s i b i l i t y  of d a t a  from t h e  on-board comet s e e k e r ,  
should  a l low a r e d u c t i o n  of t h e  e r r o r  i n  t h e  i n t e r c e p t  l o c a t i o n  
by about  one o r d e r  of  magnitude. 
Add i t iona l  Earth-based comet o b s e r v a t i o n s ,  
Allowing 3 months o f  obser -  
-- v a t i c r r  - a f t e r  launch,  t h e  comet 's  p o s i t i o n  should ,  on t h e  
average ,  l i e  r e so lved  t o  w i t h i n  10,000 km. 
mis s ion ,  t h i s  a l lows  3 months t o  conve r t  a 100,000 km error t o  
a 10,000 km e r r o r ,  i . e . ,  a r educ t ion  of  90,000 km. This  
c o r r e c t i o n  should  t h e r e f o r e  involve  a v e l o c i t y  increment of 
about  1 2  m/sec. 
4 .  TERMINAL GUIDANCE CORRECTIONS 
For a 6 month 
I n  o r d e r  t o  o b t a i n  t h e  c l o s e  approach t o  a comet's 
nuc leus  (1,000 km) r e q u i r e d  f o r  some of t h e  proposed miss ions  
d i s c u s s e d  i n  t h i s  s tudy ,  i t  seems c lear  t h a t  t e r m i n a l  guidance 
c o r r e c t i o n s  w i l l  be r e q u i r e d ,  and t h a t  an on-board comet s e e k e r  
w i l l  be necessa ry .  
Following t h e  midcourse c o r r e c t i o n  executed a t  about  
3 months a f t e r  launch,  a t o t a l  r m s  e r r o r  o f  1~110,000 km should  
e x i s t .  I n  o r d e r  t h a t  a m i s s  d i s t a n c e  o f  1,000 km can  be 
achieved  w i t h  a s i n g l e  t e r m i n a l  maneuver, t h e  r e q u i r e d  t e r m i n a l  
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v e l o c i t y  increment can be  taken as (F r i ed lande r  1964) - 
0 
= 2 4  (WP)  0 (2) 
Of D V t e r m  
where VHP i s  t h e  approach v e l o c i t y ;  i s  t h e  accuracy,  i n  
r a d i a n s ,  o f  t h e  assumed on-board comet seeke r ;  of i s  t h e  f i n a l  
t o l e r a b l e  m i s s  d i s t a n c e  and oo i s  t h e  p o s i t i o n a l  e r r o r  follow- 
i n g  midcourse c o r r e c t i o n .  Taking an average VHP of  20 km/sec 
and assuming a comet seeker  w i t h  an accuracy of l / l O t h  degree 
o f  a r c ,  we  o b t a i n  
= 560 m/sec . D V t e r m  
Such a t e r m i n a l  c o r r e c t i o n  would be executed 8 hours  be fo re  
i n t e r c e p t  and a t  a d i s t a n c e  o f  5.75 x 10 
d i s t a n c e  a t  which t h e  comet seeker  would be e f f e c t i v e .  
5 km from t h e  comet, a 
Since 30 m/sec a r e  r equ i r ed  f o r  t h e  p o s t - i n j e c t i o n  and 
midcourse c o r r e c t i o n s ,  a t o t a l  v e l o c i t y  increment of about 
600 m/sec w i l l  be r equ i r ed  t o  provide a 1,000 km m i s s  d i s t a n c e  
a t  i n t e r c e p t .  
Assuming a s t o r a b l e  p r o p e l l a n t  w i t h  Isp = 225 s e c ,  t h e  
guidance c o r r e c t i o n s  r e q u i r e  24 percen t  of t h e  t o t a l  weight of 
t h e  s p a c e c r a f t .  
5. VELOCITY MATCHING CAPABILITY 
For Isp = 350 sec, only 16 pe rcen t  i s  necessary .  
This s e c t i o n  d i scusses  t h e  p r o p e l l a n t  requirements  f o r  
t h e  s p a c e c r a f t  t o  rendezvous wi th  t h e  t a r g e t  comet. 
t h a t  a 600 m/sec i n j e c t i o n ,  midcourse and t e rmina l  guidance 
c o r r e c t i o n  w i l l  b r ing  t h e  s p a c e c r a f t  w i t h i n  an accep tab le  m i s s  
We assume 
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d i s t a n c e  ( say  1,000 km) of  t h e  comet nucleus p r i o r  t o  t h e  
rendezvous maneuver which c o n s i s t s  s imply of  removing t h e  
excess  hyperbol ic  approach v e l o c i t y  from t h e  s p a c e c r a f t .  
I f  t h e  t o t a l  increment i n  v e l o c i t y  (which may inc lude  
t h e  midcourse c o r r e c t i o n )  i s  DV then t h e  rocke t  equat ion  g ives  
-DV 
P = Po exp 
g ISP 
where po = weight of  ( s p a c e c r a f t  + r o c k e t  tankage + f u e l )  and 
p = weight  of  (3pacec ra f t  + rocke t  tankage) .  I f  t he  tankage, 
which inc ludes  t h e  s t r u c t u r e  and a d a p t e r  f o r  t he  t e r m i n a l  
rocke t  i s  assumed t o  be a f i x e d  p ropor t ion  of  t h e  t o t a l  weight ,  
a po ,  where a i s  t y p i c a l l y  between 0.05 and 0 .1 ,  then t h e  weight  
of t h e  s p a c e c r a f t  payload p w i l l  be P 
-I>" - a ) ,  
g ISP 
pp = Po (exp 
and t h e  payload f r a c t i o n  i s  
P 
-E = (exp -DV - a )  . 
PO g ISP 
This  equa t ion  has  been used t o  compile Table 8. 
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